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ABSTRACT
I n  th e  l i t e r a t u r e  co nce rned  w ith  th e  m a r t e n s i t i c  t r a n s f o r m a t io n  
in  b in a ry  and te r n a r y  b r a s s e s  th e r e  have been  many r e p o r t s  o f  b o th  
v a r i a t i o n s  i n  th e  tr a n s fo rm a tio n  te m p e ra tu re s  and  anom alo u sly  p o o r  
m a r te n s i te  r e v e r s i b i l i t y .  Of th e  many f a c t o r s  w hich  may in f lu e n c e  
th e  m a r t e n s i t i c  t r a n s fo rm a tio n  b e h a v io u r i n  n o b le  m e ta l b e t a  p h ases*  
th e r e  a re  two w hich seem p a r t i c u l a r l y  im p o r ta n t: .  F i r s t l y ,  th e  p re s e n c e  
o f  q u en ch ed -in  v a c a n c ie s  and se c o n d ly , th e  deg ree  o f  ch em ica l o rd e r  
p r e s e n t  w i th in  ih e  p a r e n t  p hase  p r i o r  to  t r a n s fo rm a t io n .  The r e c e n t  
u p su rg e  o f  s c i e n t i f i c  and com m ercial i n t e r e s t  i n  th e  shape  memory 
a s s o c ia te d  w ith  su ch  m a r t e n s i t i c  tr a n s fo rm a tio n s  h a s  h ig h l ig h te d  th e  
im p o rtan ce  o f  u n d e rs ta n d in g  th e s e  f a c t o r s .
By th e  u se  o f  d i f f e r e n t i a l  th e rm a l a n a ly s i s  an d  o th e r  s ta n d a r d
m e ta l lu r g ic a l  te c h n iq u e s  a f t e r  c a r e f u l ly  c o n tro lle jd  p o s t  quench h e a t
t r e a tm e n ts ,  i t  h a s  been  found  p o s s ib le  to  s e p a ra te  th e  in f lu e n c e s  o f
r e t a in e d  d is o rd e r  from  th e  e f f e c t s  o f  e x c e ss  q u en ch e d -in  v a c a n c ie s  i n
i n  Cu-Zn-Al b e ta  p h ase  a l l o y s .  I n  p a r t i c u l a r ,  a  low  te m p e ra tu re
seco n d ary  o rd e r in g  r e a c t io n  o f  th e  ty p e  B2-D0 h a s  b een  d is c o v e re d
. y
a t  low te m p e ra tu re s  ( 273K-^23K) th e  p re se n c e  o f  w hich  in c r e a s e s  b o th  
th e  fo rw ard  and r e v e r s e  m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re s .  T h is  
a llo w s  a  q u a l i t a t i v e  r e l a t i o n s h ip  to  be p ro p o se d  be tw een  th e  s t a b i l i t y  
o f  B2 and DO  ^ o rd e re d  b e ta  p h a se s  and  t h e i r  r e s p e c t iv e  m a r t e n s i t e s .  A 
c o r r e l a t i o n  h a s  a l s o  been  e s ta b l i s h e d  betw een th e  c o m p o s itio n a l depend­
ence o f  th e  e x p e r im e n ta l ly  d e te rm in e d  B2-D0^ o r d e r in g  te m p e ra tu re s  
and  th e  p r e d ic te d  o rd e r in g  b e h a v io u r .
The p re se n c e  o f  n o n -e q u il ib r iu m  q u en ch e d -in  d e f e c ts  a f t e r  q u en ch in g  
from th e  s o lu t io n  tr e a tm e n t  te m p e ra tu re  h a s  been  d e m o n s tra te d  by  
v a r i a t i o n s  i n  low te m p e ra tu re  o rd e r in g  k i n e t i c s  an d  changes i n
th e  m e c h a n ic a l‘p r o p e r t i e s ; o f  th e  :ra a r te n s ite  a f t e r  low te m p e ra tu re  
a n n e a lin g  t r e a tm e n ts .  Such c o n s id e r a t io n s  have made i t  p o s s i b le  
to  c h a r a c te r i s e  th e  sp ec trum  o f  th e rm a lly  a c t iv a t e d  p r o c e s s e s  a s s o c ­
i a t e d  w ith  a g e in g  phenomena i n  Cu-Zn-Al shape memory a l l o y s .  A 
f u l l e r  a p p r e c ia t io n  o f  th e s e  a g e in g  e f f e c t s  a s s i s t s  i n  e x p la in in g  
some o f  th e  p r e v io u s ly  r e p o r te d  an o m a lie s , and i s  o f  param oun t 
im p o rtan ce  i f  copper b a se d  a l lo y s  a re  to  be u sed  a s  an  a l t e r n a t i v e  
to  th e  c o s t ly  N ic k e l-T ita n iu m  (N iT in o l)  a l lo y s  c u r r e n t ly  i n  u s e .
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CHAPTER 1
INTRODUCTION
The Shape Memory E f f e c t  r e s u l t s  from  th e  u n u su a l m e c h a n ic a l 
p r o p e r t i e s  e x h ib i te d  by a l lo y s  h av in g  th e r r a o e la s t ic  m a r t e n s i t i c  t r a n s ­
fo rm a tio n s . Such a  m a r t e n s i t i c  t r a n s fo rm a tio n ,  u n l ik e  t h a t  o b se rv e d  
in  s t e e l s ,  i s  f u l l y  r e v e r s ib l e  o v e r a  v e ry  narrow  te m p e ra tu re  ra n g e .
The a to m ic  d isp la c e m e n ts  r e q u i r e d  f o r  t h i s  r e v e r s io n  ta k e  p la c e  i n  th e  
r e v e r s e  sequence o f  th o s e  o r i g i n a l l y  n e c e s s a ry  f o r  th e  t r a n s f o r m a t io n .  
Thus a f t e r  a  com plete  t r a n s f o r m a t io n - r e v e r s io n  c y c le  no a p p re c ia b le  
s t r u c t u r a l  changes a re  p r e s e n t  in  th e  p a r e n t  p h a se .
Such t r a n s fo rm a tio n s  a re  te rm ed  th e rm o e la s t ic  b eca u se  o f  th e  
e q u iv a le n c e  o f  ch em ica l and  e l a s t i c  d r iv in g  fo r c e s  f o r  t r a n s f o r m a t io n .  
D efo rm ation  in  th e rm o e la s t ic  a l lo y s  i s  accommodated, n o t  by  means o f  
th e  i r r e v e r s i b l e  mechanism o f  s l i p ,  b u t  by th e  fo rm a tio n  o f  s u i t a b l y  
o r i e n t a t e d  m a r te n s i te  p l a t e s .  Above a  c r i t i c a l  te m p e ra tu re ,  i f  th e  
lo a d  c a u s in g  th e  d e fo rm a tio n  i s  r e le a s e d ,  th e  m a r te n s i te  p l a t e s  r e v e r t  
to  th e  p a r e n t  p h ase  and  re c o v e r  any shape change. T h is  phenomenon i s  
g e n e r a l ly  known a s  S u p e r e l a s t i c i t y . The Shape Memory E f f e c t  a l s o  
r e s u l t s  from  th e  a b i l i t y  o f  th e  m a r te n s i te  p h ase  to  accommodate la r g e  
am ounts o f  d e fo rm a tio n  by th e  r e v e r s ib l e  m o d if ic a t io n  an d  r e o r i e n t a t i o n  
o f  in d iv id u a l  m a r te n s i te  p l a t e s .  I n  t h i s  case  however any  d e fo rm a tio n  
i s  r e t a i n e d  u n t i l  th e  a l l o y  i s  h e a te d  above a  c r i t i c a l  te m p e ra tu r e ,  a t  
w hich th e  m o d if ie d  m a r te n s i te  r e tu r n s  to  i t s  o r i g i n a l  c o n f ig u r a t io n  
(an d  sh ap e) a s  a  n e c e s s a ry  s te p  b e fo re  r e v e r t i n g  to  th e  p a r e n t  p h a s e .
I t  i s  p o s s ib le  to  re c o g n is e  th r e e  m ajo r c a te g o r ie s  o f  a l l o y  w hich  
e x h i b i t  t h e r m o e la s t i c i ty :  F i r s t l y  a l lo y s  such  a s  F e ^ P t i n  w h ich  th e
tr a n s fo rm a tio n  i s  from  f e e  to  b c c , an a lo g o u s  to  th e  t r a n s f o r m a t io n  
found  in  s t e e l s .  An exam ple o f  th e  seco n d  c a te g o ry  i s  th e  e q u ia to m ic
N i-T i (N iT in o l)  a l l o y  w hich h a s  a l re a d y  found  many com m ercial 
a p p l i c a t io n s .  The f i n a l  c a te g o ry  o f  a l lo y s  i s  com prised  o f  n o b le  m e ta l 
b e ta  phases;'! a n d ' i t  , i s  th i s :  ca tegory ; w hich w i l l  be:; c o n s id e re d  h e r e .
B eta  p h a se s  a r e  bcc  e l e c t r o n  compounds g e n e r a l ly  s t a b l e  a t  
e le v a te d  te m p e ra tu re s  o v e r a  w ide ran g e  o f  c o m p o sitio n s  and  w hich  
e x h i b i t  d e c re a s in g  s t a b i l i t y  w ith  r e s p e c t  to  com peting  c lo s e  p ack e d  
p h a se s  a s  th e  te m p e ra tu re  d e c re a s e s .  B e ta  p h a se s  w hich e x h i b i t  the rm o­
e l a s t i c i t y  a re  m e ta s ta b le  a t  low te m p e ra tu re s ;  so  a  q u en ch in g  t r e a tm e n t  
from th e  h ig h  te m p e ra tu re  p h ase  f i e l d  i s  n e c e s s a ry  to  r e t a i n  th e  b e ta  
ph ase  and  a v o id  e q u i l ib r iu m  p r e c i p i t a t i o n .
P o s t  quench p h y s ic a l  and  m ech an ica l p ro p e r ty  changes an d  low  
te m p e ra tu re  a g e in g  p ro c e s s e s  have i n  th e  p a s t  been  e x t e n s iv e ly  i n v e s t ­
ig a te d  i n  a  number o f  b e ta  p h a se s  and  have been  r e l a t e d  to  f a c t o r s  su ch  
a s  e x c e ss  q u en ch e d -in  v a c a n c ie s  and  v a r i a t i o n s  i n  th e  d eg ree  o f  lo n g  
ran g e  o r d e r .  S in ce  th e  m a r t e n s i t i c  t r a n s fo rm a tio n  in v o lv e s  no d i f f u s io n ,  
many o f  th e  s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  th e  p a r e n t  p h a se  a r e  i n h e r i t e d  
by  th e  m a r te n s i te .  The in f lu e n c e  o f  such  p a r e n t  p h ase  s t r u c t u r a l  
v a r i a t i o n s  upon th e  m a r t e n s i t i c  t r a n s fo rm a tio n  b e h a v io u r  h a s  b e e n  j ; 
l a r g e l y  n e g le c te d .
The r e c e n t  u p su rg e  o f  com m ercial i n t e r e s t  i n  t e r n a r y  b r a s s  Shape 
Memory A llo y s  h a s  prom pted  much work in  t h i s  f i e l d ;  t h i s  h a s  r e s u l t e d  
i n  th e  o b s e rv a t io n  o f  anom alous t r a n s fo rm a tio n  te m p e ra tu re  s h i f t s ,  
seem in g ly  a s s o c ia t e d  w ith  p o s t  quench  th e rm a lly  a c t i v a t e d  p r o c e s s e s .
S in ce  many o f  th e  p o t e n t i a l  u s e s  f o r  Shape Memory A llo y s  r e l y  upon 
re p ro d u c ib le  t r a n s fo rm a tio n  te m p e ra tu re s ,  i t  i s  c l e a r , t h a t  a  f u l l  
u n d e rs ta n d in g  o f  any f a c t o r s  in f lu e n c in g  th e s e  te m p e ra tu re s  i s  e s s e n t i a l .
The p r e s e n t  i n v e s t i g a t io n  i s  co nce rned  w ith  h e a t - t r e a tm e n t  in d u c e d  
s t r u c t u r a l  ch anges, p r e s e n t  i n  th e  p a r e n t  p h ase  and  i n h e r i t e d  by  th e
p ro d u c t p h a se . A ran g e  o f  Cu-Zn-Al a l lo y s  h a v in g  m a r t e n s i t i c  t r a n s ­
fo rm a tio n  te m p e ra tu re s  c lo se  to  room te m p e ra tu re  and  w ith  alum inium  
c o n te n ts  i n  th e  ran g e  0 -1 0 (a t)%  w ere u se d  in  t h i s  w ork. T h is  ra n g e  
o f  co m p o sitio n s  a llo w  th e  p r e s e n t  r e s u l t s  to  be r e l a t e d  to  th e  w e l l  
docum ented b e h a v io u r  o f  Cu-Zn b e ta  p h a se s  and  t h e i r  m a r t e n s i t i c  t r a n s ­
fo rm a tio n s . Therm al a n a ly s i s  and  o th e r  s ta n d a rd  m e ta l l u r g ic a l  
te c h n iq u e s  have been  u se d  a f t e r  v e ry  c a r e f u l ly  c o n t r o l l e d  p o s t  quench  
h e a t - t r e a tm e n ts  i n  o rd e r  to  in v e s t i g a t e '  th e  e n t i r e ,  sp ec tru m  o f  low 
te m p e ra tu re  th e rm a lly  a c t iv a t e d  p ro c e s s e s  p r e s e n t  i n  th e s e  a l l o y s .
F o r th e  sake  o f  c l a r i t y  th e  l i t e r a t u r e  su rv e y  i s  p r e s e n te d  i n  
two p a r t s .  C h ap te r 2 conce rn s  b e ta  p h ase  s t r u c t u r a l  ch an g e s, w h i l s t  
C h ap te r 3  d e a ls  w ith  m a r te n s i t i c  t r a n s fo rm a tio n  b e h a v io u r  and  f a c t o r s  
w hich in f lu e n c e  i t .
CHAPTER 2
PRIOR LITERATURE CONCERNING THE BETA PHASE
A lthough  numerous o b s e rv a t io n s  o f  anom alous m ark in g s  on  deform ed
b e ta  b r a s s  s u r f a c e s  w ere made p r i o r  to  1938 , i t  was o n ly  a t  t h a t  tim e
t h a t  th e s e  e f f e c t s  w ere r e l a t e d  to  th e  m a r t e n s i t i c  t r a n s f o r m a t io n s
(1 )a lre a d y  fo u n d  in  b o th  Cu-Al and  Cu-Sn b e ta  p h a s e s  • m a r t e n s i t i c
t r a n s fo rm a tio n s  i n  copper b a se d  a l lo y s  w ere f i r s t  e x t e n s iv e ly  s tu d ie d
( 2)
by Kurdyumov and h i s  a s s o c ia t e s  i n  19^8
The r e c e n t  in c re a s e d  i n t e r e s t  i n  n o b le  m e ta l b a s e d  m a r t e n s i t i c
a l lo y s  f o r  damping, shape memory and  s u p e r e l a s t i c  a p p l i c a t i o n s  h a s
r e s u l t e d  i n  th e  p r e s e n ta t io n  o f  two m ajor rev iew s*  One re v ie w  i s
co n ce rn ed  w ith  th e  m a r t e n s i t i c  t r a n s fo rm a tio n  i n  n o b le  m e ta l b e t a  C.- 
(3 )p h a se s  and th e  o th e r  d e a ls  w ith  shape memory e f f e c t s  an d  r e l a t e d  
p h e n o m e n a ^ \
I n  th e  p r e s e n t  work we s h a l l  c o n s id e r  i n  d e t a i l  o n ly  th e  Cu-Zn 
b in a ry  and  Cu-Zn-Al te r n a r y  b e ta  p h a se s  a lth o u g h  w here n e c e s s a ry  
r e f e r e n c e  w i l l  be made to  o th e r  sy s te m s . S in ce  th e  d e t a i l e d  m a r t e n s i t i c  
t r a n s fo rm a tio n  b e h a v io u r  i s  in t im a te ly  r e l a t e d  to  th e  s t r u c t u r a l  
c h a r a c t e r i s t i c s  o f  th e  p a r e n t  b e ta  p h a se , p a r t i c u l a r  a t t e n t i o n  w i l l  b e  
p a id  to  r e p o r t s  o f  low te m p e ra tu re  s t r u c t u r a l  changes o c c u r in g  i n  Cu-Zn 
b a se d  b e ta  p h ase  a l l o y s .
Cu-Zn, b a se d  a l lo y s  b e lo n g  to  th e  fa m ily  o f  a l l o y s  w h ich  a r e
o b ta in e d  when th e  n o b le  m e ta ls  Cu, Ag and  Au a r e  a l lo y e d  w ith  e le m e n ts
i n  th e  B subgroup o f  th e  p e r io d ic  t a b l e  o r  w ith  e le m e n ts  w h ich  behave
s i m i l a r l y .  B oth th e  s t r u c t u r e  and  c o m p o sitio n  o f  th e s e  a l l o y s  a r e
r e l a t e d  to  c e r t a in  e le c tro n :a to m  r a t i o s ,  fo l lo w in g  H um e-R othery1 s  
( 5)
r u l e s  . D is o rd e re d  b e ta  p h ase  e l e c t r o n  compounds can  e x i s t  o v e r  
a  w ide ra n g e  o f  co m p o sitio n s  a t  h ig h  te m p e ra tu re s ;  how ever a t  lo w e r
te m p e ra tu re s  th e y  u s u a l ly  decompose e u t e c to i d a l l y ,  u n le s s  th e  b e t a  
p h ase  f i r s t  u n d erg o es  an  o rd e r in g  r e a c t io n ,  a s  i n  th e  ca se  o f  b e t a  
b r a s s .
The s im p le s t  ty p e  o f  ch em ica l o rd e r  found  i n  b e ta  p h a s e s  i s  th e  
so  c a l l e d  CsCl(B2) t y p e . . 'F o r  p e r f e c t  B2 o rd e r  one a to m ic  s p e c ie s  i s  
lo c a te d  a t  th e  c e n t r e  and  th e  o th e r  on .th e  c o rn e rs  o f  th e  b c c  u n i t  
c e l l ;  t h i s  th e r e f o r e  demands an  e q u ia to m ic  c o m p o s i t io n ; ; In_ th e  ca se  
o f  d iv a le n t  s o lu te s  i n  n o b le  m e ta l b e ta  p h a s e s ,  f o r  exam ple Cu-Zn an d  
Au-Cd, th e  eq u ia to m ic  co m p o sitio n  r e q u i r e d  f o r  p e r f e c t  B2 o r d e r  y i e l d s  
an  e l e c t r o n  c o n c e n tr a t io n  o f  a  v a lu e  v e ry  c lo s e  to  1 .4 8 ,  th e
(6
optimum v a lu e  f o r  b e ta  p h ase  s t a b i l i t y  from  e l e c t r o n i c  c o n s id e r a t io n s  
The more complex o rd e re d  s t r u c t u r e s  fo u n d  in  o th e r  n o b le  m e ta l  b e t a  
p h a se s  a r e  o f te n  b a se d  on o th e r  s to ic h io m e tr ic  c o m p o s itio n s  an d  th e s e  
a re  c o n s id e re d  i n  S e c t io n  2.3» . I n  a l l  su ch  b e ta  p h a s e s ,  h a v in g  b o th  
s to ic h io m e tr ic  and  n o n - s to ic h io m e tr ie  co m p o sitio n s ', t h e 'i n f l u e n c e  o f  ' 
ch em ica l o rd e r  and  e l e c t r o n i c  s t r u c t u r e  on b e t a  p h a se  s t a b i l i t y  w i l l  
be in te rm ix e d .
2 .1  ' The Cu-Zn-A l b e ta  p hase
The h ig h  te m p e ra tu re  d is o rd e re d  b e t a  p h ase  f i e l d  i n  th e  C u-Zn-A l 
te r n a r y  system  e x te n d s  c o n tin u o u s ly  betw een  th e  two b in a r y  sy s tem s  
C u -Z n ^ ^  and  C u - A l ^ ,  s e e  F ig u re s  1 and  2 . E le c t r o n i c  c o n s id e r a t io n s  
d i c t a t e  t h a t  b e ta  Cu-Zn i s  c e n t r e d  ab o u t th e  e q u ia to m ic  c o m p o s itio n , 
w hereas Cu-Al b e ta  p h a se s  a re  s i t u a t e d  c lo s e  to  th e  Cu^Al c o m p o s itio n . 
F ig u re  3 i l l u s t r a t e s  th e  p o s i t i o n  o f  th e  oc+p/p and  p/p+Y p h a se
( n )
b o u n d a r ie s  a t  v a r io u s  te m p e ra tu re s  from  th e  work o f  B auer an d  H ansen  
A lso  shown i n  F ig u re  3 i s  a  l i n e  jo in in g  a l l  th e  a l l o y  c o m p o s itio n s  
d is p la y in g  m a r te n s i te  s t a r t  te m p e ra tu re s  (Mg ) o f  273^ (0°C ) a n d  t h i s  
i s  d is c u s s e d  f u r t h e r  i n  C h ap te r 3* A s e r i e s  o f  q u a s i—b in a r y  s e c t i o n s
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F ig u re  1. The Cu-Zn e q u i l ib r iu m  p h ase  d iagram
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F ig u re  2 . The Cu-Al e q u i l ib r iu m  p h a se  d iagram  in c lu d in g  th e  
m e ta - s ta b le  o rd e r in g  and m a r t e n s i t i c  t r a n s f o r m a t io n s .
a re  a l s o  a v a i la b l e  f ° r  in s ta n c e  th e  6 (w t)^  alum inium  s e c t i o n  i s  
p r e s e n te d  i n  F ig u re  *f. T h is  w o r k ^  in d i c a te s  t h a t  below  6 (w t)$  
alum inium  and  o v er a  narrow  ra n g e  o f  c o m p o sitio n s , th e  b e t a  p h a se  can  
rem a in  s t a b l e  a t  low te m p e ra tu re  w ith  r e s p e c t  to  th e  com peting  a  and  Y 
p h a s e s .  O u ts id e  t h a t  ran g e  o f  co m p o sitio n s  a  e u t e c to id  r e a c t i o n  i s  
o b se rv e d , com parable to  t h a t  found  i n  b in a ry  Cu-A l. The p o s i t i o n  o f  
t h i s  e u t e c to id  co m p o sitio n  a c ro s s  th e  te r n a r y  c o n s t i t u t i o n  d iag ram  i s  
p r e s e n te d  i n  F ig u re  3» ,
2 .2  P o s t  quench b e ta  p h ase  s t r u c t u r a l  changes
I n  t h i s  s e c t io n  we s h a l l  c o n s id e r  more c lo s e ly  th e  low te m p e ra tu re  
b e t a  p h ase  s t r u c t u r a l  c h a r a c t e r i s t i c s  w hich a re  sum m arised i n  T a b le  1 . 
These in c lu d e ;  th e  o b s e rv a t io n  o f  l a t t i c e  s o f te n in g  and  th e  p re s e n c e  
Of an  om ega-type p h a se ; d i f f u s io n l e s s  and  d i f f u s io n  c o n t r o l l e d  phase- 
t r a n s fo rm a tio n s ;  th e  q u e n c h in g -in  and  su b se q u en t decay o f  th e rm a l 
v a c a n c ie s ;  and th e  v a r i a t i o n  o f  th e  d eg ree  o f  o rd e r  p r e s e n t  i n  th e  
b e ta  p h a se . A lthough i n  th e  p r e s e n t  work we a re  m a in ly  c o n ce rn ed  v /ith  
Cu-Zn-Al a l l o y s ,  s in c e  th e r e  i s  v e ry  l i t t l e  in fo rm a tio n  a v a i l a b l e  
f o r  t h i s  sy stem , p a r t i c u l a r  a t t e n t i o n  w i l l  be p a id  to  b i n a r y , C u - Z n .
Where n e c e s s a ry ,  in fo rm a tio n  w i l l  be drawn from  an a lo g o u s  s y s te m s .
2 .2 .1  Low te m p e ra tu re  b e ta  p h ase  i n s t a b i l i t y
The co m p o sitio n  ran g e  w hich e x h i b i t s  b e ta  p h ase  s t a b i l i t y  d e c re a s e s  
a s  th e  te m p e ra tu re  i s  lo w ered . T h e re fo re  b e ta  p h ase  f i e l d s  h av e  a  
c h a r a c t e r i s t i c  V -shape. T h is  low te m p e ra tu re  b e ta  p h a se  i n s t a b i l i t y  
r e s u l t s  from  s t r u c t u r a l  f a c t o r s  w hich a llo w  h ig h  a m p litu d e s  o f  l a t t i c e  
v ib r a t i o n  and th e r e f o r e  a  l a r g e r  v i b r a t i o n a l  e n tro p y  th a n  t h a t  p o s s e s s e d  
by th e  com parable a lp h a  and  gamma p h a s e s .
T h is  low te m p e ra tu re  i n s t a b i l i t y  m a n ife s ts  i t s e l f  i n  th e  u n u s u a l ly  
a n i s o t r o p ic  e l a s t i c  p r o p e r t i e s  o f  many quenched b e ta  p h a s e s ;  i n  f a c t
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T ab le  1 . Summary o f  th e  p r i o r  l i t e r a t u r e  co n ce rn in g  th e  p r o p e r t i e s  o f  
som e:o f  th e  n o b le  m e ta l b e ta  p h a s e s  w hich e x h i b i t  th e r m o e la s t ic i ty ; .
20
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S u ie e to6 0 0
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F ig u re  3* Some is o th e rm a l s e c t io n s  from  th e  Cu-Zn-Al t e r n a r y  p h a se  
d iagram  i l l u s t r a t i n g  th e  oc+p/p and  p/p+Y p h ase  b o u n d a r ie s ^  \  th e
g u a s i -b in a ry  e u t e c to id  co m p o sitio n s  and  th e  iso-M  l i n e  c o r re s p o n d in gr.. ■ ' . s
to  273K (0oC ) ^ ^ .
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F ig u re  The q u a s i-b in a ry  s e c t io n  o f  th e  Cu-Zn-A l p h a se  d iag ram
a t  6 (w t)% a lu m in iu m ^  \
a  low a b s o lu te  m agnitude o f  th e  e l a s t i c  s h e a r  c o n s ta n t  C’^ C ^ -  C^^)/Z
i s  an  in h e re n t  p r o p e r ty  o f  n o b le  m e ta l b e ta  p h a s e s ,  T h is  was f i r s t
r e p o r te d  i n  Cu-Zn by Z e n e r ^ ^  i n  19^-7 who o b se rv e d  a  d e c re a se  i n  th e
s h e a r  modulus C* w ith  d e c re a s in g  te m p e ra tu re . T h is  phenomenon h a s  b e e n
te rm ed  '* l a t t i c e  so f te n in g *  o r  ’ s o f t  s h e a r  mode* and  many w o rk e rs  have
a s s o c ia te d  t h i s  e f f e c t  w ith  th e  m a r t e n s i t i c  t r a n s f o r m a t io n .  Much o f
t h i s  work i s  sum m arised i n  T ab le  1 . Of p a r t i c u l a r  s ig n i f i c a n c e  i s
( 11)th e  work o f  N ak a n ish i on th e  Cu-Au-Zn system  i n  w hich th e  q u a s i ­
b in a ry  s e c t io n  Au^Cu^- ^ .Z n^  h a s  b een  u se d  to  c o r r e l a t e  th e  a f f e c t s  o f  
l a t t i c e  s o f te n in g  and  H e u s le r  ty p e  te r n a r y  o rd e r in g  on th e  m a r t e n s i t i c  
t r a n s fo rm a tio n  te m p e ra tu re s .  I n  a l l  th e  sy stem s shown i n  T a b le  1 . C’ i s  
sm a ll r e l a t i v e  to  th e  o th e r  p r in c i p l e  s h e a r  m odulus ’Cy | an d  on  a p p ro a c h in g  
th e  Mq te m p e ra tu re  th e  a n is o tro p y  r a t i o  Cj ; /C-r assum es a  v e ry  l a r g e  
v a l u e ^ 0  ^ in d i c a t i n g  i n s t a b i l i t y  on th e  (110) p la n e s  i n  th e  (iTo) 
d i r e c t io n s .  T h is  i s  p a r t i c u l a r l y  n o tew o rth y  s in c e  th e s e  a r e  th e  s h e a r s  
c o rre sp o n d in g  to  th e  t r a n s fo rm a tio n  s t r a i n s  a s s o c ia te d  w ith  th e  
m a r t e n s i t i c  t r a n s fo rm a tio n .
I t  h a s  b een  r e c e n t ly  p o in te d  o u t t h a t  i t  i s  v e ry  d i f f i c u l t  to
d i r e c t l y  r e l a t e  e x p e r im e n ta lly  o b se rv e d  m odulus m easurem ents to  i n h e r e n t
( 12 ) • p r o p e r t i e s  o f  th e  b e ta  p h ase  i t s e l f  . T h is  I s  b eca u se  oh  c o o l in g ,
many b e ta  p h a se s  show some s t r u c t u r a l  changes p r i o r  to  th e  m a r t e n s i t i c
(1 3 -1 5 )  ^ _t r a n s fo rm a tio n  . S in ce  th e s e  changes have a  m arked a f f e c t  on
e l a s t i c  p r o p e r t i e s ,  m is le a d in g  r e s u l t s ,  u n r e p r e s e n ta t iv e  o f  th e  b e t a
p h a se , may be o b ta in e d .
2 .2 .2  A geing e f f e c t s  o b se rv e d  i n  b e ta  b r a s s
A f te r  quench ing  b e ta  b ra s s ,  numerous f a c t o r s  a c t  e i t h e r  in d e p e n d e n tly  
o r  c o n jo in t ly  to  in f lu e n c e  th e  m e c h a n ic a l, p h y s ic a l  an d  s t r u c t u r a l  
p r o p e r t i e s  o f  th e  a s-q u en ch ed  p ro d u c t and  i t s  r e s p o n s e  to  low  te m p e ra tu re
( 16 )a g e in g  t r e a tm e n ts .  Sm ith f i r s t  s tu d ie d  th e  in f lu e n c e  o f  q u en ch in g
on th e  m ech an ica l p r o p e r t i e s  o f  b e ta  b ra s s , and  found  m arked s o f t e n i n g : : •
d u r in g  p o s t  queiich a g e in g . I t - w a s  found  t h a t  t h e ;a c t i v a t i o n  en e rg y
f o r  t h i s  p ro c e s s  was 6h.h  _+ 2 .1 k J  mol"* . C la reb ro u g h  o b se rv e d  a n
i n t e r n a l  f r i c t i o n  peak  i n  b e ta  b r a s s  w hich was o n ly  p r e s e n t  i n  th e
as-q u en ch ed  c o n d i t io n ;  t h i s  peak  was found  to  decay i s o  th e rm a lly  w ith  ‘
a s  a s s o c ia te d  a c t iv a t io n  en e rg y  o f  6 2 .7  +. 2*1 k J  mol~ . The n a tu re  o f
(17)quench s tr e n g th e n in g  w a s - fu r th e r  a n a ly se d  by Brown 1 who com pared
th e  a c t i v a t i o n  en e rg y  f o r  th e  p ro c e s s  w ith  t h a t  f o r  th e  d i f f u s io n  o f
—1z in c  i n  b e ta  b rass-, 1^ 8 .8  k J  mol~ . He e x p la in e d  th e  d is c re p a n c y  by  
s u g g e s tin g  t h a t  th e  h a rd e n in g  was due to  a  q u en ch e d -in  n o n -e q u il ib r iu m  
vacancy  p o p u la t io n ,  and t h a t  a g e ' s o f te n in g  r e s u l t e d  from  th e  a n n e a l in g  
o u t o f  th e s e  v a c a n c ie s .  T h is  i s  su p p o r te d  by d e n s i ty  m easurem ents 
w hich have shown t h a t  a  h ig h  c o n c e n tr a t io n  o f  v a c a n c ie s  ( > 10""^) can
( 18)be r e t a in e d  in  b e ta  b r a s s  by  quench ing  . Brown h a s  a l s o  p ro p o s e d  .
t h a t  a s  w e ll  a s  th o se  v a c a n c ie s  w hich s u rv iv e  th e  quen ch in g  t r e a tm e n t ,
th e r e  a re  a l s o  v a c a n c ie s  p r e s e n t  w hich a re  form ed d u r in g  th e  v e ry  r a p i d
(17)o rd e r in g  r e a c t io n .  1 .
A nother th e rm a lly  a c t iv a t e d  phenomenon w hich a r i s e s  i n  b e t a  b r a s s  
a f t e r  quench ing  from  te m p e ra tu re s  i n  th e  ra n g e  373- 623K b a s  b een  
a s s o c ia te d  w ith  th e  q u e n c h in g -in  o f  th e  sm a ll d eg ree s  o f  d i s o r d e r  w h ich , 
a c c o rd in g  to  Chipmann and  ¥ a r r e n ^ ^ \  a re  e x p e c te d  a t  th o s e  te m p e ra tu re s  
F ig u re  5* i l l u s t r a t e s  th e  r e s id u a l  r e s i s t i v i t y  ( 76K) o f  C u48.5(w t)/£Zn 
a f t e r  quench ing  from  a  ran g e  o f  d i f f e r e n t  te m p e ra tu re s  below  623K.
F ig u re  5  a l s o  i l l u s t r a t e s  t h a t  o n ly  a  v e ry  s h o r t  tim e a n n e a l  a t  room 
te m p e ra tu re  i s  r e q u i r e d  to  c o n p le te ly  e l im in a te  th e  i n i t i a l  r e s i s t i v i t y
( 19 )p eak  . The q u en ch e d -in  r e s i s t i v i t y  re m a in in g  a f t e r  th e  s h o r t  tim e  
a n n e a l may be d i r e c t l y  r e l a t e d  to  th e  e f f e c t s  a l re a d y  m en tio n ed  an d
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F ig u re  5» The r e s i s t i v i t y  o f  b e ta  b r a s s  b o th  im m ed ia te ly  a f t e r
(19)quench ing  and a f t e r  a  s h o r t  tim e a n n e a l .
(17)v/hich have been  a t t r i b u t e d  to  th e  decay o f  an  e x c e ss  vacancy  p o p u la t io n  
The i n i t i a l  r e s i s t i v i t y  peak  i s  th o u g h t to  r e s u l t  from  th e  q u e n c h in g -in  
o f  d is o r d e r ,  w h i l s t  i t s  d isa p p e a ra n c e  a f t e r  a n n e a lin g  i s  due to  th e  
o rd e r in g  o f  t h i s  q u en ch e d -in  d is o r d e r .  The drop in  a s -q u en ch ed  r e s i s t i v i t y  
beyond a  quench ing  te m p e ra tu re  o f  323K h a s  been  a s s o c ia te d  w ith  th e  
enhancem ent o f  o rd e r in g  k i n e t i c s  w hich r e s u l t s  from  th e  h ig h e r  c o n c e n t­
r a t i o n  o f  th e rm a l .v a c a n c ie s  p r e s e n t  above t h a t  te m p e ra tu re . Thus th e  
p a r a d o x ic a l  s i t u a t i o n  seems to  e x i s t  t h a t  a  h ig h e r  d eg ree  o f  d is o rd e r
(19)may be q u en ch e d -in  from  low te m p e ra tu re s  th a n  from  h ig h e r  te m p e ra tu re s
2 .2 .3  The fo rm a tio n  and decay o f  th e rm a l v a c a n c ie s
I n  common v /ith  p u re  m e ta ls ,  b e ta  p h a se s  c o n ta in  a t  any p a r t i c u l a r
\
te m p e ra tu re , ' an e q u i l ib r iu m  c o n c e n tr a t io n  o f  v a c a n c ie s .  V/ith p u re  m e ta ls  
and  many s o l i d  s o lu t io n s  t h i s  e q u i l ib r iu m  c o n c e n tra t io n  may be d e s c r ib e d  
a s  fo llo w s  : -
C -  exp (S / k  -  E~/kT )    E q u a tio n  1 .
-1  -1w here: -  E n tro p y  o f  a vacancy, J  mol K .
_1
E^ -  F o rm ation  en e rg y  o f  a  vacancy, J  mol ,
-1k -  B oltzm ann’s  c o n s ta n t ,  J  K- ,
T -  T em p era tu re , K .
Cy -  E q u ilib r iu m  vacancy  c o n c e n t r a t io n .
F o r a  random s o l i d  s o lu t io n ,  th e  fo rm a tio n  e n e rg y , Ef , and  th e  
m ig ra tio n  e n e rg y , Em, a re  r e l a t e d  to  th e  m e ltin g  te m p e ra tu re ,  T , a s  
f o l lo w s ( 2 2 ) :~
Ed = Ef  + Em ~ 1^ Tm J  mo1” 1 ..................... E q u a tio n  2 .
v/here Ed r e p r e s e n t s  th e  d i f f u s io n  en erg y  w hich may a l s o  be r e l a t e d  to  
th e  fo rm a tio n  en e rg y , E , by u s in g  E q u a tio n s  3 and  k.
b cc  s o l i d  s o lu t io n s  . . .  = E^ /  3  • • • •  E q u a tio n  3»
f e e  s o l i d  s o lu t io n s  . . .  E^ = E^ /  2 . . . .  E q u a tio n  4 .
(23 )D elaey  and  h i s  co -w o rk ers  have c o n s id e re d  th e  p re s e n c e  o f
v a c a n c ie s  i n  b e ta  b r a s s ,  and  i n  common w ith  th e  many o th e r  o b s e r v a t io n s
made i n  s im i la r  sy s tem s , have found  t h a t  th e  e x p e r im e n ta l ly  d e te rm in e d
vacancy  c o n c e n tr a t io n  i s  o f te n  many o rd e r s  o f  m agnitude g r e a t e r  th a n
t h a t  c a lc u la te d  from E q u a tio n s  1 , 2 and  3* T h is  d is c re p a n c y  h a s  b een
ac c o u n te d  f o r  by c o n s id e r in g  th e  o rd e r in g  b eh a v io u r o f  b e t a  b r a s s  and
th e  i n t e r a c t i o n  betw een u n l ik e  a tom ic  s p e c ie s .  D elaey  h a s  u s e d  a  s im p le
n e a r e s t  n e ig h b o u r B ragg -W illiam s o rd e r in g  model to  c a l c u l a t e  v a lu e s  f o r
E w hich when s u b s t i t u t e d  in to  E q u a tio n  1 y i e l d  vacancy  c o n c e n t r a t io n s
(23 )w hich c o r r e l a t e  re a s o n a b ly  w ith  e x p e r im e n ta l ly  o b se rv e d  v a lu e s  ^  .
These c a lc u la te d  vacancy  c o n c e n tra t io n s  f o r  b o th  C u 5 0 (a t)^ Z n  an d  p u re  
co p p er, a t  a  ran g e  o f  d i f f e r e n t  te m p e ra tu re s ,  and  i n  th e  c a se  o f  b e t a  
b r a s s  f o r  two v a lu e s  o f  Ef , a r e  p r e s e n te d  i n  T ab le  2 .
C a t
V
1123K
C a t  v
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Cu-Zn(E^.=0.5eV) 2 .0x10~2 10~2 3 - 0 x 1 0 ^ 6 . 0x1 o ’"9
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T ab le  2 . C a lc u la te d  vacancy  c o n c e n tr a t io n s  i n  p u re  cop p er a n d  b e t a  b r a s s
T ab le  2 sh o u ld  o n ly  be lo o k e d  a t  q u a l i t a t i v e l y  s in c e  i t  i s  
h ig h ly  l i k e l y  t h a t  a t  h ig h  vacancy  c o n c e n tr a t io n s ,  doub le  and  t r i p l e  
p o in t  d e f e c t  g roups and  vacancy  c l u s t e r s  e x i s t .  The p re s e n c e  o f  su ch  
m u l t ip le  p o in t  d e f e c t  g roups w ould te n d  to  c o n s id e ra b ly  m odify  th e
(2k)e f f e c t i v e  v a lu e s  o f  b o th  and  S^ . N e v e r th e le s s  th e  v a lu e s  o f  
Cy p r e s e n te d  i n  T ab le  2 a re  c o n s i s te n t  w ith  th e  h ig h  v acancy
c o n c e n tra t io n s  d e te c te d  i n  b e ta  b r a s s ,  b o th  a t  e le v a te d  te m p e ra tu re s
(23)and a t  low te m p e ra tu re  a f t e r  quench ing  .
The d ecay  o f  a  n o n -e q u il ib r iu m  vacancy  -p o p u la tio n
I f  p u re  m e ta ls  o r  a l lo y s  a re  c o o led  r a p id l y ,  an  e x c e ss  non­
e q u i l ib r iu m  c o n c e n tr a t io n  o f  v a c a n c ie s  may be r e t a i n e d  a t  low  te m p era ­
t u r e s .  T here a re  how ever numerous mechanisms a v a i la b l e  w hich  p r e v e n t
th e  r e t e n t i o n  o f  l a r g e  n o n -e q u il ib r iu m  vacancy  c o n c e n t r a t io n s .  These
( 21)mechanisms have b een  r e c e n t ly  rev ie w e d  and  may be  d iv id e d  in t o  . 
two c a te g o r ie s :  F i r s t l y ,  th e  v a c a n c ie s  may te n d  to  c l u s t e r  and  f o r
th e  case  o f  b e ta  b r a s s  t h i s  h a s  been  c o n s id e re d  i n  d e t a i l  by D elaey  
and  h i s  c o l l e a g u e s b een s u g g e s te d  t h a t  v acan cy  c l u s t e r s  
c o l la p s e  and  a s s i s t e d  by  th e  in h e re n t  an iso tropy  o f  b e ta  b r a s s ,  a  
re a rra n g e m e n t o f  th e  atom s i n  th e  v i c i n i t y  o f  th e  c l u s t e r  may p ro d u ce  
a  d e c re a se  i n  th e  i n t e r n a l  energ y  o f  th e  a l l o y .  T hese l o c a l l y  
d is p la c e d  r e g io n s  w i th in  th e  b e ta  p h ase  have been  r e l a t e d  to  th e
numerous o b s e rv a t io n s  o f  anom alous c o n t r a s t  e f f e c t s  fo u n d  d u r in g
(13)e l e c t r o n  m icroscopy  o f  n o b le  m e ta l b e ta  p h a se s  .
S eco n d ly , v a c a n c ie s  may be a n n i h i l a t e d  a t  s in k s  d u r in g  th e  
quench. P o s s ib le  s in k s  in c lu d e ;  f r e e  s u r f a c e s ,  g r a in  b o u n d a r ie s ,  
s u b -g ra in  b o u n d a r ie s ,  a n t i - p h a s e  domain b o u n d a r ie s  and  d i s l o c a t i o n s .  
The r e l a t i v e  im p o rtan ce  o f  th e s e  s in k s  depends upon t h e i r  r e l a t i v e  
d e n s i t i e s  and  th e  e f f i c i e n c y  x^ith w hich th e y  can ab so rb  v a c a n c ie s .
F u th e r  c o m p lic a tio n s  a re  in tro d u c e d  i n  th e  case  o f  b e t a  b r a s s  s in c e
i t  h a s  been  p ro p o se d  t h a t  v a c a n c ie s  a re  i n  f a c t  c r e a te d  a s  a  r e s u l t
(17)o f  th e  o rd e r in g  r e a c t io n
Even a t  room te m p e ra tu re  and  below , vacancy  m ig ra t io n  a n d  decay
can o c c u r , a s  : =■ w itn e s s e d  by th e  numerous r e p o r t s  o f  low te m p e ra tu re
(1 5 -1 9 )a g e in g  e f f e c t s  in  b e ta  b r a s s  ty p e  a l lo y s  ^  . T h e  q u a n t i t a t i v e  
c o r r e l a t i o n  betw een o b se rv e d  decay  p ro c e s s e s  and  th e  v a r io u s  t h e o r i e s  
i s  v e ry  d i f f i c u l t  owing to  u n c e r t a i n t i e s  ab o u t th e  n a tu re  o f  th e
. (2k)d e f e c t s ;  s i n g l e ,  d o u b le , d u m b e ll-ty p e  and c l u s t e r s  a r e  a l l  p o s s i b le
N e v e r th e le s s  a  rev iew  c o n ce rn in g  e x c e ss  vacancy  m ig ra tio n  and  decay
i s  a v a i la b l e  w hich o u t l i n e s , some o f  th e  m ethods w hich may b e  u s e d  to
(21)t r e a t  th e  s u b je c t  q u a n t i t a t i v e l y
2 , 2 . k  D if fu s io n  c o n t r o l l e d ' ; t r a n s fo rm a tio n s
Under e q u i l ib r iu m  c o n d i t io n s  th e  r e l a t i v e  p ro p e r i i io n s  and
co m p o sitio n s  o f  th e  p h a se s  i n  b in a ry  Cu-Zn a re  d e s c r ib e d .b y  th e
. (7 )e q u i l ib r iu m  p h ase  d iagram  i l l u s t r a t e d  m  F ig u re  1 . An a l t e r n a t i v e
.  . .  ( 25 )
p h ase  d iagram  i s  a v a i la b le  w hich shows a  e u t e c to i d  d e c o m p o sitio n
o f  th e  b e t a  p h ase  a t  528K ( 255°c )5 n e v e r th e le s s  s in c e  th e r e  i s  s t i l l
some d is p u te  o v e r th e  n a tu re  o f  t h i s  r e a c t io n ,  f o r  o u r  p r e s e n t
p u rp o se s  we s h a l l  u se  th e  p h ase  r e l a t i o n s h i p s  o u t l in e d  i n  F ig u re  1 .
The Cu-Zn-A l p h ase  d iag ram , p a r t s  o f  w hich  a r e  i l l u s t r a t e d  i n  F ig u r e ^
3 and  k ,  ±s  v e r y  s im i la r  to  th e  b in a ry  Cu-Zn d iagram  a t  low  alum in ium
c o n te n ts .  The m ajor a f f e c t  o f  alum inium  i s  to  s h i f t  a l l  th e  p h a s e
b o u n d a r ie s  tow ards the copper r i c h  end o f  th e  d iag ram . T h is  i s  b e c a u se
when t r i v a l e n t  alum inium  i s  s u b s t iu te d  f o r  d iv a le n t  z in c  , th e  e l e c t r o n
c o n c e n tr a t io n  ( e /a )  in c r e a s e s  and  l e s s  s o lu te  i s  n e c e s s a ry  i n  co p p er
to  a t t a i n  th e  c r i t i c a l  e / a  r a t i o s  w hich d e f in e  th e  p o s i t i o n  o f  th e
p h ase  b o u n d a r i e s '^ .  - I n  Cu-Zn-A l b e ta  p h a se s  c o n ta in in g  more th a n  
6 (w t)°/o alum inium  a  q u a s i -b in a ry  e u t e c to id  r e a c t io n  becom es a p p a re n t  
and  t h i s  i s  i l l u s t r a t e d  i n  F ig u re  k,  T h is  e u t e c to id  d e c o m p o sitio n  i s  
an a lo g o u s  to  t h a t  shown i n  F ig u re  2 . f o r  th e  Cu-Al b in a ry  sy s te m .
When Cu-Zn b a se d  a l lo y s  a re  co o le d  from  th e  h ig h  te m p e ra tu re  
b e t a  p h ase  f i e l d  a  l a r g e  spec tru m  o f  p r e c i p i t a t i o n  p ro c e s s e s  a r e  p o s s i b l e ,
depend ing  on th e  a l l o y  co m p o sitio n  and  c o o lin g  r a t e  i n  q u e s t io n .  B o th  
CCT and .TTT-diagrams have been  d e te rm in e d  f o r  b e ta  b r a s s  o f  v a r io u s
( 26 ) 'c o m p o sitio n s  . I n  copper r i c h  b e ta , b r a s s ,  i s o th e rm a l  h o ld s  above 
673K (b00°0)  r e s u l t  i n  th e  fo rm a tio n  o f  W idm ansta tten  r o d s ,  w h i l s t  below  
t h a t  te m p e ra tu re  a  b a i n i t i c  p l a t e - l i k e  p ro d u c t i s  fo rm ed . I f  b e ta  
b r a s s  i s  quenched to  low te m p e ra tu re s  to  a v o id  e q u i l ib r iu m  p r e c i p i t a t i o n  
p ro c e s s e s  and  su b se q u e n tly  tem pered , a  b a i n i t i c  p ro d u c t h a s  b een  shown 
to  form  a t  a  te m p e ra tu re  a s  low a s  b2Jj>K (150°C) a f t e r  h o ld in g  f o r  t im e s  
lo n g e r  th a n  10^ seconds
I n  th e  p r e s e n t  work th e  m ajor c o n s id e ra t io n s  a r e  th e  s t r u c t u r a l  
changes w i th in  th e  b e ta  p hase  w hich do n o t in v o lv e  th e  lo n g  ra n g e  
d i f f u s io n  o f  atom s w ith in  th e  s t r u c t u r e ,  b u t  r e q u i r e  o n ly  th e  l o c a l  
a to m ic  re a rra n g e m e n ts  n e c e s s a ry  f o r  changes i n  th e  d eg ree  o f  lo n g  ra n g e  
o r d e r ,  o r  th e  sm a ll s h e a r s ,  l a t t i c e  r o t a t i o n s  etc* a s s o c ia t e d  w i th  th e  
m a r t e n s i t i c  t r a n s fo rm a t io n .  A lthough  chem ica l o rd e r in g  w i l l  be  c o n s id e re d  
i n  f u r t h e r  s e c t i o n s ,  i t  i s  a p p ro p r ia te  a t  t h i s  p o in t  to  n o te  t h a t  lo n g  
ra n g e  o rd e r in g  r e a c t io n s  a re  th e rm a lly  a c t i v a t e d .  However I n  th e  
p r e s e n t  case  o f  Cu-Zn* b a se d  b e ta  p h a s e s ,  th e  o r d e r in g  k i n e t i c s  a r e  so  
f a s t  t h a t  even  w ith  v e ry  r a p id  quench ing  t r e a tm e n ts ,  o n ly  a  v e ry  s m a l l
(1 9 )p r o p o r t io n  o f  th e  d is o rd e re d  p h ase  can be r e t a i n e d  a t  low  te m p e ra tu r e s  ,
2 .2 .5  D if f u s io n le s s  t r a n s fo rm a tio n s
T here are. th r e e  m ajo r c l a s s e s  o f  d i f f u s io n l e s s  t r a n s f o r m a t io n  
o b se rv e d  in  quenched m e ta s ta b le  b e ta  p h a s e s : F i r s t l y  th e  m a ss iv e
tr a n s fo rm a t io n ,  s e c o n d ly  a  d is p la c iv e  om ega-type t r a n s f o r m a t io n  and  
f i n a l l y  th e  m a r t e n s i t i c  t r a n s fo rm a tio n  w hich i s  th e  s u b je c t  o f  C h a p te r  3*
When b e ta  b r a s s e s  (an d  numerous, o th e r, n o b le  m e ta l b e t a  p h a s e s )  a r e  
quenched from' the .' copper r i c h  c o rn e r  o f  th e  p h ase  f i e l d ,  i t  i s  o f t e n  
v e ry  d i f f i c u l t  to  a v o id  th e  fo rm a tio n  o f  a  m assive  a lp h a  p r o d u c t ,  a T.
T h is  m assive  p h ase  i s  o f  th e  same co m p o sitio n  a s  th e  b e ta  phase, i n
q u e s tio n  and  form s by  means o f  a  s h e a r  ty p e  o f  t r a n s fo rm a t io n  a s s i s t e d
by some s h o r t  ra n g e  d i f f u s io n .  T h is  s u b je c t  h a s  b een  co m p re h en s iv e ly
(27)re v ie w e d  by M a ssa lsk i and p a r t i c u l a r  a t t e n t i o n  h a s  b een  p a i d  to  th e
/pO \
tr a n s fo rm a tio n  in  b e ta  b r a s s  by Wayman and  h i s  co -w o rk ers  .
D uring  th e  co u rse  o f  t r a n s m is s io n  e l e c t r o n  m ic ro sco p y  o f  n o b le
m e ta l b e ta  p h a se s  th e r e  have been  many o b s e rv a tio n s  o f  anom alous c o n t r a s t
(1 3 )e f f e c t s  and  th e s e  have been  rev iew ed  by D elaey  and  h i s  c o l le a g u e s  ^ . 
M o ttl in g , s t r i a t i o n s  and c ro s s -h a tc h in g  have a l l  been  o b se rv e d  a t  h ig h  
m a g n if ic a t io n s ,  w h i l s t  d i f f u s e  s t r e a k in g  in  c e r t a i n  d i r e c t i o n s  h a s  b e e n  
o b se rv e d  in  d i f f r a c t i o n  p a t t e r n s .  These anom alous e f f e c t s  h av e  b een  
r e c e n t ly  r e l a t e d  to  th e  p o s s ib le  p re se n c e  o f  a  d is p la c iv e  ty p e  o f
/ p-z pq \
t r a n s fo rm a tio n  p ro d u c t . I n  t i ta n iu m , z irc o n iu m  and h a fn iu m  b e t a
p h a s e s ,  s im i la r  an o m alie s  have been  o b se rv e d  and  have beeh  a t t r i b u t e d
i :
to  th e  p re s e n c e  o f  sm a ll c o h e re n t> a r e a s  form ed by  a  d i s p la c iv e  t r a n s ­
fo rm a tio n . These c o h e re n t a r e a s  a r e  found  to  have h ex ag o n a l sy m e try  
and  have b een  te rm ed  th e  omega p h ase  • D elaey  an d  h i s  c o -w o rk e rs  
have em phasised  t h a t  th e  omega t r a n s fo rm a tio n  means much more th a n  
s im p ly  a  s t r u c t u r a l  change from  th e  bcc  a to m ic  s t r u c t u r e  to  one w i th  a  
more d i s t o r t e d  a rran g em en t. I n  t i ta n iu m  a l lo y s  th e  omega p h a s e  r e s u l t s
from  changes i n  e l e c t r o n i c  p r o p e r t i e s  and  d i r e c t io n a l  b in d in g - fo rc e s
w hich a re  p e c u l ia r , : to  t i ta n iu m . D elaey  h a s  p o in te d  o u t  t h a t  i f  an
omega t r a n s fo rm a tio n  e x i s t s  i n  n o b le  m e ta l b e ta  p h a s e s ,  i t  does so  f o r
c o m p le te ly  d i f f e r e n t  r e a s o n s  to  th o se  p ro d u c in g  th e  t r a n s f o r m a t io n  i n
(1 3 )t i ta n iu m  b e ta  p h a se s  ..  T h e re fo re  i n  th e  p r e s e n t  w ork, i n  common
w ith  D elaey , th e  anom alous e f f e c t s  found  in  n o b le  m e ta l b e t a  p h a se s
w i l l  be te rm ed  om ega-type a s  opposed  to  s im p ly  omega i n  r e c o g n i t io n  o f  .
(23)t h e i r  in h e re n t  d i f f e r e n c e s  . .
I t  h a s  a ls o  been  r e p o r te d  t h a t  th e  m a r t e n s i t i c  t r a n s f o r m a t io n
(3 2  33)r e q u i r e s  a t  l e a s t  one in te rm e d ia te  p r e m a r te n s i t i c  s t r u c t u r e  ; w h e th e r
o r  n o t  th e  om ega-type p h ase  ta k e s  p a r t  i n  t h i s  p r e m a r te n s i t i c  m o d if ic a t io n  
h a s  n o t been  e s ta b l i s h e d ,  b u t  i t  h a s  been  shown t h a t  su ch  a  r e l a t i o n s h i p
. .(2 3 )may e x i s t
2 .3  B eta  p h ase  o rd e r in g  b e h a v io u r ~
The s tu d y  o f  o rd e re d  a l lo y s  i s  o f te n  c o n v e n ie n tly  d iv id e d  in t o
in v e s t ig a t io n s  o f  th e  o rd e r in g  r e a c t io n  i t s e l f  and  s tu d i e s  o f  th e
in f lu e n c e  o f  o rd e r  on th e  p r o p e r t i e s  o f  an  a l l o y .  T hese two app ro ach es.
a re  c lo s e ly  r e l a t e d  to  one a n o th e r  s in c e  th e  n a tu re  o f  th e  t r a n s f o r m a t io n
can o n ly  be e s t a b l i s h e d  by s tu d y in g  th e  a s s o c ia t e d  p r o p e r ty  ch an g es .
Com prehensive rev ie w s  a re  a v a i la b le  co n ce rn in g  th e  o r d e r - d i s o r d e r  
( 3*f 35 )t r a n s fo rm a tio n  ; and  f o r  th e  p u rp o se s  o f  t h i s  work we s h a l l  r e s t r i c t
o u r s e lv e s  to  a  su rv e y  o f  th e  o rd e r in g  behav iou r: o f  n o b le  m e ta l  
b e ta  p h a s e s .  The f i r s t  p a r t  o f  t h i s  s e c t io n  w i l l  b e  d e v o te d  to  a  
d e s c r ip t io n  o f  th e  v a r io u s  ty p e s  o f  o rd e re d  s t r u c t u r e  fo u n d  i n  b cc  
l a t t i c e s ,  w h i l s t  th e  rem a in d e r o f  th e  s e c t io n  c o n s id e rs  th e  e x p e r im e n ta l  
ev id en ce  f o r  d i f f e r e n t  ty p e s  o f  o rd e r in g  i n  b e ta  b r a s s  ty p e  a l l o y s .
2.3*1 P o s s ib le  b e ta  p h ase  o rd e re d  s t r u c t u r e s
The bcc  l a t t i c e  may be c o n s id e re d  i n  te rm s  o f  f o u r  i n t e r p e n e t r a t i n g
( )
f e e  s u b - l a t t i c e s ,  a s  i l l u s t r a t e d  i n  F ig u re  6 . T h is  d e s c r ib e s  f o u r
ty p e s  o f  e q u iv a le n t  s i t e ;  I ,  I I ,  I I I  and  IV , I n  a  f u l l y  d is o r d e r e d  
b in a ry  o r  te r n a r y  a l lo y  ( th e  so c a l l e d  A2 s t r u c t u r e )  th e  o c c u p a tio n  
p r o b a b i l i t y  on each  o f  th e s e  s i t e s  i s  e q u a l to  th e  a to m ic  f r a c t i o n  o f  
each  a to m ic  s p e c ie s  i n  th e  a l l o y .  Ig n o r in g  f o r  th e  p r e s e n t  any  s h o r t  
ra n g e  o rd e r in g  e f f e c t s  p r i o r  to  th e  lo n g  ran g e  o rd e r in g  r e a c t i o n ,  a t  th e  
c r i t i c a l  o rd e r in g  te m p e ra tu re , th e  n e a r e s t  n e ig h b o u r (n n ) and  n e x t 
n e a r e s t  n e ig h b o u r (nnn) i n t e r a c t i o n s  betw een u n l ik e  s p e c ie s  becom es 
s u f f i c i e n t  f o r  th e  a to m ic  s p e c ie s  to  a r ra n g e  th e m se lv e s  p r e f e r e n t i a l l y  on 
each  o f  th e  fo u r  p o s s ib le  s u b - l a t t i c e s  and p roduce  a  n e t  d e c re a s e  i n  
th e  f r e e  en e rg y  o f  th e  sy stem .
I n  a  b in a ry  a l lo y  A-B, th e  p r o b a b i l i t y  o f  an  atom  o f  A b e in g
I  I I  i np r e s e n t  on each  o f  th e  p o s s ib le  s i t e s  can be d en o ted  a s  p .  , p  , p
x i n  x i
IV , .and  p^  . L i s t e d  below  a r e  th e  common o rd e re d  s t r u c t u r e s  fo rm ed  from  
th e  d is o rd e re d  (A2) b e ta  p h a se , a lo n g  w ith  th e  r e l a t i o n s h i p s  be tw een  th e  
s i t e  o c c u p a tio n  p r o b a b i l i t i e s  and  th e  p re se n c e  o f  o r d e r in g  i n  e i t h e r  
th e  f i r s t  c o o rd in a tio n  sp h e re  (nn) o r  b o th  th e  f i r s t  and  seco n d  c o o rd in ­
a t i o n  s p h e re s  (nn  and  n n n ) ^  ^
(A2) Random d i s t r i b u t i o n  i n  b o th  nn and  nnri.
Pa1  = Pa11  = p a i i i =  Pai v
(B2) O rder i n  nn , random d i s t r i b u t i o n  i n  nnn .
I  I I  /  i n  IV
Pa  = Pa  ^  Pa  = Pa
(DO^)(d e n o te d  L2  ^ i n  te r n a r y  a l lo y s )  O rder i n  b o th  nn  an d  nn n .
I  ~  I I  /  I I I  /  IV 
? A = pA /  pA /  pA
I  I I  I I I  /  IV
° r ,  pA = PA = PA P PA
(F%ni) O rder i n  b o th  nn and nnn.
I  ) I I I  7 I I  , IV
Pa  = Pa  ^ P a  /  Pa
(B3 2 ) Random d i s t r i b u t i o n  i n  nn , o rd e r  i n  nnn.
I  I I I  /  I I  IV
Pa  = Pa  ^ P a  = P a
I n  s h o u ld  be n o te d  a t  t h i s  s ta g e  t h a t  b e ta  p h a se s  a r e  e l e c t r o n  
compounds and  o f te n  have n o n - s to ic h io m e tr ic  co m p o sitio n s , w hich a re  
in c o m p a tib le  w ith  p e r f e c t  lo n g  ra n g e  o r d e r .  T here a re  fo u r  m ajo r ways 
i n  w hich th e  s t r u c t u r e  can  accommodate t h i s  l a c k  o f  s t o i c h i o m e t r y ^ :
( a )  The in t r o d u c t io n  o f  s t r u c t u r a l  v a c a n c ie s  on s u b - l a t t i c e  
s i t e s  e q u iv a le n t  to  th o s e  o c c u p ie d  by th e  m inor com ponent;
T h is  a llo w s  b o th  a to m ic  s p e c ie s  to  rem ain  on t h e i r  r e s p e c t iv e  
s u b - l a t t i c e s .
(b ) The fo rm a tio n  o f  a  two p h ase  m ix tu re  o f a. f u l l y :  o rd e re d  s t r u c t u r e  
w i th in  a  d is o rd e re d  m a tr ix .
(c )  The d i s t r i b u t i o n  o f  th e  e x c e ss  s p e c ie s  on th e  ’w rong1 ' 
s u b - l a t t i c e s .  T h is  i s  known a s  an  a n t i - s t r u c t u r e  d e f e c t .
(d ) The fo rm a tio n  o f  e i t h e r  a  two p h ase  m ix tu re  o f  s t r u c t u r e s  
h a v in g  d i f f e r i n g  s to ic h io m e try  o r  a  co n tin u o u s  s t r u c t u r a l  
change i n  v/hich th e  s i t e  o c c u p a tio n  p r o b a b i l i t i e s  a re  su ch  
t h a t  a  seco n d  ty p e  o f  o rd e r  i s  superim p o sed  upon th e  o r i g i n a l  
s t r u c t u r e .
2 .3 * 2  M ethods o f  i n v e s t i g a t i n g  o r d e r in g  b e h a v io u r
C r i t i c a l  o rd e r in g  te m p e ra tu re s  a re  u s u a l ly  d e te rm in e d  e x p e r im e n t-
(3 7 )
a l l y  by m o n ito r in g  p h y s ic a l  p r o p e r ty  changes such  a s  s p e c i f i c  h e a t
/ ■ z O N  -
o r  r e s i s t i v i t y  a s  a  fu n c t io n  o f  te m p e ra tu re ..  H igh te m p e ra tu re  
X -ray  d i f f r a c t i o n  te c h n iq u e s  may a ls o  be u se d  and  i n  t h i s  c a se  th e  
- c r i t i c a l  o rd e r in g  te m p e ra tu re  i s  m arked by th e  ap p ea ran ce  o f  s u p e r ­
l a t t i c e  r e f l e c t i o n s ^ ^  •
I II III IV
a n a  an.a
a n .
F ig u re  6 . Four bcc u n i t  c e l l s  i l l u s t r a t i n g  th e  p o s i t i o n  o f  th e  fo u r
s u b - l a t t i c e s ,  X, X I, I I I ,  IV and in d i c a t i n g  th e  n e a r e s t  (n n ) an d  n e x t
(^ 6 )n e a r e s t  n e ig h b o u r (nnn) r e l a t i o n s  betw een  th e s e  s u b - l a t t i c e s  ^ .
The d e t a i l e d  s i t e  o c c u p a tio n  p r o b a b i l i t i e s  may be d e te rm in e d  
from c o n s id e r a t io n s  o f  th e  s u p e r l a t t i c e  r e f l e c t i o n  i n t e n s i t i e s ,  u s in g
C39 Y
X -ray , e l e c t r o n  o r  n e u tro n  d i f f r a c t i o n  te c h n iq u e s .  I n  o rd e re d  F e y H w  
(8)o r  CuAl^ a l lo y s  , f o r  exam ple, s u p e r l a t t i c e  r e f l e c t i o n s  a r e  e a s i l y  
d e te c te d  by u s in g  s ta n d a rd  X -ray  te c h n iq u e s  b eca u se  o f  th e  l a r g e  d i f f e r e n c e s  
in  th e  s c a t t e r i n g  f a c t o r s  o f  th e  s p e c ie s .  However i n  th e  c a se  o f  b e t a  
b r a s s  th e  s c a t t e r i n g  f a c t o r s  o f  copper and z in c  a r e  so  c lo s e  t h a t  s p e c i a l  
m ethods m ust be em ployed to  d e te c t  s u p e r l a t t i c e  r e f l e c t i o n s .
S in ce  th e  a to m ic - s c a t te r in g  f a c t o r s  o f  e lem en ts  showr a  minimum 
c lo se  to  th e  w av e le n g th s  w hich ' th e  e lem en ts  th e m se lv e s  e m it when u s e d  a s
X -ray  ta rg e ts , th e  d i f f e r e n c e  betw een th e  a to m ic  s c a t t e r i n g  f a c t o r s  o f  
th e  'two s p e c ie s  re a c h e s  a  maximum betw een th e s e  m inim a. From th e s e  
c o n s id e ra t io n s  b o th  Cu^p and Zn^a m onochrom atic r a d i a t i o n s  have b een  
u sed  w ith  s u c c e s s  i n  th e  s tu d y  o f  b e ta  b r a s s  o r d e r i n g ^ * ^ .  N eu tro n  ... 
d i f f r a c t i o n  te c h n iq u e s  do n o t depend’upon th e  a to m ic  s c a t t e r i n g  f a c t o r s  
b u t  upon p r o p e r t i e s  o f  th e  a tom ic  n u c le u s  i t s e l f  and  th e s e  m ethods h av e  
a l s o  been  u se d  i n  th e  s tu d y  o f  o rd e re d  a l l o y  sy stem s w hich do n o t  y i e l d  
s u p e r l a t t i c e  r e f l e c t i o n s  w ith  c o n v e n tio n a l X - r a y 'te c h n iq u e s .
2 . 3*3 Ih e  o rd e r in g  o f  b e ta  b r a s s
The s t r u c t u r e  o f  b e ta  b r a s s  h a s  been  w id e ly  r e p o r t e d  a s  th e  B2
(7 )ty p e  and  c r i t i c a l  o rd e r in g  te m p e ra tu re s  f o r  th e  A2-B2 t r a n s f o r m a t io n  
have been  d e te rm in e d  o v e r th e  narrow  ran g e  o f  c o m p o s itio n s  w h ich  e x h i b i t  
s t a b i l i t y  a t  low te m p e ra tu re s  w ith  r e s p e c t  to  th e  com peting  a lp h a  an d
( 7 )
gamma p h a s e s .  These o rd e r in g  te m p e ra tu re s  a r e  i l l u s t r a t e d  i n  F ig u re  1 .
T he ' te m p e ra tu re  dependence o f  th e  d eg ree  o f  lo n g  ra n g e  o r d e r  i n  
C u ^ C w t^ Z n  h a s  been  d e te rm in e d  u s in g  X -ray  d i f f r a c t i o n  te c h n iq u e s  by  
Chipmann and ¥ a r r e n ^ ° ^  and t h i s  i s  i l l u s t r a t e d  i n  F ig u re  7*
The absence o f  r e l i a b l e  e x p e r im e n ta l in fo rm a tio n  c o n c e rn in g  ' 
o rd e r in g  b eh a v io u r o u ts id e  th e  narrow  ra n g e  o f  low  te m p e ra tu re  b e t a  p h a s e
s t a b i l i t y  makes t h e o r e t i c a l  p r e d ic t io n s  p a r t i c u l a r l y  v a lu a b le .  From
t h e o r e t i c a l  c o n s id e r a t io n s ,  su b se q u e n tly  d e s c r ib e d  i n  S e c t io n  2.4-, a
p h ase  d iagram  d e s c r ib in g  b e ta  b r a s s  o rd e r in g  i n  th e  a b sen ce  o f  a l l
(4-1)• com peting  p h a se s  h a s  b een  com puted by In d e n  . T h is  p r e d i c t e d  diagram  
i s  shown i n  F ig u re  8 and  in d i c a t e s  t h a t  copper r i c h  b e t a  p h a s e s  i n  th e  
Cu-Zn system  may undergo  a  seco n d ary  o rd e r in g  r e a c t io n  o f  th e  ty p e  
B2-D0^. A lthough , a s  y e t ,  th e r e  i s  l i t t l e  e x p e r im e n ta l e v id en ce  f o r  
th e  p re s e n c e  o f  t h i s  t r a n s fo rm a tio n  i n  b in a ry  b e ta  b r a s s ,  F ig u re  8 . • 
p r e d i c t s  t h a t  th e  r e l e v a n t  B2-D0^ c r i t i c a l  o rd e r in g  te m p e ra tu re s  i n  
copper r i c h  b e ta  p h a s e s  a re  c lo s e  to  room te m p e ra tu re  and  th e r e f o r e  v e ry  
d i f f i c u l t  to  d e te c t  e x p e r im e n ta lly  b ecau se  o f  th e  v e ry  s low  k i n e t i c s  
in v o lv e d .
2.5*4- The o rd e r in g  o f  Cu-Zn-Al te r n a r y  b e ta  b r a s s e s
The a d d i t io n  o f  a  t h i r d  e lem en t to  an  o rd e re d  b in a r y  a l l o y  
in t ro d u c e s  a  number o f  c o m p lic a tio n s  in to  th e  o rd e r in g  b e h a v io u r .
I f  th e  te r n a r y  a d d i t io n  i s  s im i la r  to  one o f  th e  b in a ry  com ponents, 
i t  i s  common to  assume t h a t  i t  o rd e r s  on th e  same s u b - l a t t i c e  a s  
t h a t  com ponent. We can th e r e f o r e  d e f in e  two m ajo r ty p e s  o f  t e r n a r y  
o rd e r in g  b a se d  on o rd e re d  b in a ry  n o b le  m e ta l b e ta  p h a s e s w  :
(A ). . . AB.B. -  ty p e  ( e .g .  Cu-Zn-Ga, C u -A l-S i )
*■ «3
(B ). . . A.A.B -  ty p e  ( e .g .  Au-Cu-Zn, Au-Ag-Cd )
S in ce  b o th  Cu-Zn and Cu-Al form  o rd e re d  b e ta  p h a s e s ,  C u-Zn-A l 
may be c o n s id e re d  a s  a  member o f  group (A) i n  w hich th e  alum inium  
atom s a re  lo c a te d  on s i t e s  i n  th e  z in c  s u b - l a t t i c e s .
S u r p r is in g ly  no s y s te m a tic  s tu d y  o f  th e  in f lu e n c e  o f  a lum inium  
a d d i t io n s  on Cu-Zn o rd e r in g  b e h a v io u r  i s  a v a i l a b l e .  I t  h a s  b een  
su g g e s te d , how ever, t h a t  t r i v a l e n t  a d d i t io n s  su ch  a s  a lum inium  have 
a  low er o rd e r in g  te n d en cy  th a n  d iv a le n t  s o lu t e s  su ch  a s  z in c  an d  w ould
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F ig u re  8 . P r e d ic te d  p hase  d iagram  i l l u s t r a t i n g  o rd e r in g  b e h a v io u r
(Zfl)
i n  b e ta  b r a s s ,  a f t e r  In d en
( 4 2 )th e r e f o r e  te n d  to  low er th e  c r i t i c a l  o rd e r in g  te m p e ra tu re s  . T h is  
c o n f l i c t s  w ith  th e  f a c t  t h a t  Cu-Al o rd e r in g  te m p e ra tu re s  a re  a p p re c ia b ly  
h ig h e r  th a n  th o se  r e p o r te d  in  b in a ry  b e ta  b r a s s ^ ’ ^ * .
( 3 4 )
K riv o g la z  and Smirnov have fo rm u la te d  an e q u a t io n  d e s c r ib in g
th e  in f lu e n c e  o f  sm a ll te r n a r y  a d d i t io n s  on th e  c r i t i c a l  o rd e r in g  
te m p e ra tu re s  o f  b e ta  p h ase  a l l o y s ,  b u t  th e y  c o n s id e r  o n ly  n e a r e s t  
n e ig h b o u r (nn) i n t e r a c t i o n s  betw een th e  te r n a r y  a d d i t io n  and  th e  o r i g i n a l  
s p e c ie s .  However in  th e  p r e s e n t  case  n e x t n e a r e s t  n e ig h b o u r (nnn) 
i n t e r a c t i o n s  a re  e x p e c te d  to  be s i g n i f i c a n t ,  making th e  a p p l i c a t io n  o f  
t h i s  ty p e  o f  fo rm u la tio n  in a p p r o p r ia te .
I t  i s  w e ll  e s t a b l i s h e d  t h a t  Cu-Al b e ta  p h a s e s , when quenched to
av o id  e u t e c to id a l  d eco m p o sitio n , undergo an  o rd e r in g  t r a n s fo rm a t io n  to
( 8)th e  DO  ^ s t r u c t u r e  . Work i s  a ls o  a v a i la b l e  c o n ce rn in g  th e  in f lu e n c e
( 4 3 )
o f  z in c  a d d i t io n s  to  th e  Cu-Al b e ta  p h ase  and t h i s  i n d i c a t e s  t h a t  
th e  o rd e r in g  b e h a v io u r e x te n d s  a c ro s s  th e  te r n a r y  diagram  to w ard s  th e  
e q u ia to m ic  CuZn c o m p o sitio n . No more q u a n t i t a t iv e  r e s u l t s  co n c e rn in g
f
th e  Cu-Zn-Al b e ta  p hase  o rd e r in g  b e h a v io u r  seem to  be a v a i l a b l e .
S in ce  o u r know ledge o f  th e  d e t a i l e d  o rd e r in g  b e h a v io u r  o f  Cu-Zn-A l
i s  v e ry  l i m i t e d ,  th e  o rd e r in g  b e h a v io u r o f  th e  p a r e n t  sy stem s Cu-Zn and
Cu-Al becomes v e ry  im p o rta n t when c o n s tr u c t in g  a  model o f  th e  t e r n a r y  
o rd e r in g  b e h a v io u r . A lthough  th e  d is o rd e re d  b e ta  p h ase  (A2) i s  co n tin u o u s  
a c ro s s  th e  te r n a r y  d iagram  (se e  F ig u re  3) betw een th e  two b in a ry  sy s te m s , 
i t  i s  c e r t a in  t h a t a t  some ran g e  o f  c o m p o s itio n s , th e  o rd e re d  s t r u c t u r e  
found  a t  low te m p e ra tu re s  changes from th e  B2 ty p e  found  i n  Cu-Zn to  th e  
PO-7 ty p e  o b se rv ed  i n  Cu-A l.
A c lu e  to  th e  l o c a t io n  o f  th e  co m p o sitio n  ran g e  w here th e  B2-D0
t r a n s i t i o n  o c c u rs  i s  g iv e n  in  r e c e n t  work w hich h a s  i n v e s t i g a t e d  th e
( Wp re s e n c e  o f  om ega-type p h a se s  in  b o th  Cu-Zn and Cu-Zn-Al b e ta  p h a s e s  
I n  t h i s  work Cu-Zn-Al a l lo y s  c lo se  to  th e  c e n tre  o f  th e  te r n a r y  diagram
have been  shown to  e x h i b i t  DO  ^ s u p e r l a t t i c e  r e f l e c t i o n s .  I t  i s  t h e r e ­
f o re  re a s o n a b le  to  assume t h a t  th e  co m p o sitio n  ran g e  o v er w hich th e  DO  ^
p h ase  ta k e s  o v e r from  th e  B2 p h ase  i s  c o n f in e d  to  th e  z in c  r i c h  s id e  o f  
th e  te r n a r y  b e ta  p h ase  f i e l d .
2 .3 * 5  A nalogous sy stem s
At t h i s  s ta g e  i t  i s  a p p ro p r ia te  to  r e f e r  to  some o f  th e  o th e r  
a l lo y  sy stem s w hich a re  th o u g h t to  e x h i b i t  o rd e r in g  b e h a v io u r  s im i la r
to  C u-Zn-A l. I n  b o th  th e  Cu-Zn and Au-Zn b in a ry  sy stem s th e  b e ta  p h ase
(7 )rem a in s  s t a b l e  o v e r a  narrow  ran g e  of. c o m p o sitio n s  a t  low te m p e ra tu re  
The Cu-Zn-Au b e ta  p h ase  e x te n d s  c o n tin u o u s ly  a c ro s s  th e  t e r n a r y  p h ase  
d iagram  betw een th e  two b in a ry  sy s tem s , Cu-Zn and  Au-Zn, i n  a  s im i la r  
manner to  th e  b e ta  p h ase  i n  C u-Zn-A l. However in  t h i s  case  te r n a r y  
o rd e r in g  b e h a v io u r may be s tu d ie d  o v e r a  w ide ran g e  o f  c o m p o s itio n s , 
w ith o u t th e  i n t e r f e r e n c e  o f  th e  com peting  a lp h a  and gamma p h a s e s .
( 45 )N a k a n ish i and h i s  co -w o rk ers  ^ have s tu d ie d  th e  Au CUrr Zn.,- q u a s i -x  5 5 -x  43
b in a ry  s e c t io n  and have found  t h a t  th e  B2 ty p e  o rd e re d  s t r u c t u r e  can
|
tra n s fo rm  in to  th e  H e u s le r - ty p e  o rd e re d  s t r u c t u r e  (L 2 ^ ). The maximum 
t r a n s i t i o n  te m p e ra tu re  was found  to  be c lo s e  to  th e  s to ic h io m e t r ic  
co m p o sitio n  CuAuZn? . A lthough  t h i s  s t r u c t u r e  h a s  been  te rm ed  H e u s le r -
(45)ty p e  . > i t  sh o u ld  n o t be co n fu sed  w ith  H e u s le r  a l lo y s  th e m se lv e s
w hich a re  fe r ro m a g n e tic ;  an  exam ple o f  w hich i s  Cu^MnAl* The u s e f u ln e s s  
o f  t h e o r e t i c a l  p r e d ic t io n s  o f  o rd e r in g  b e h a v io u r  h a s  been  d e m o n stra te d
( Wby In d en  who, by u s in g  d a ta  b a se d  m ain ly  on th e  b in a ry  sy stem s
Au-Zn, Cu-Zn, and Cu-Au, h a s  c a l c u la te d  th e  p o s i t i o n s  o f  b o th  th e  A2-B2
and B2-L2^ p h ase  b o u n d a r ie s ;  and h a s  found  t h a t  th e y  c o r r e l a t e  v e ry
(*f5)w e ll  w ith  th e  e x p e r im e n ta lly  d e te rm in e d  r e s u l t s  .
A nother system  w hich e x h i b i t s  a seco n d a ry  B2-D0 o r d e r in g  r e a c t io n
5
i s  F e -A l. I n  t h i s  sy stem , when a l lo y s  c lo s e  to  th e  s to ic h io m e try  Fe_Al
5
a re  co o led  v e ry  s lo w ly  from th e  d is o rd e re d  A2 p h ase  f i e l d ,  a  s im p le  B2
o rd e r in g  r e a c t io n  i s  o b se rv e d , how ever on f u r t h e r  c o o l in g , a  s e c o n d a ry
(39)o rd e r in g  r e a c t io n  i s  a p p a re n t . A lthough  th e r e  i s  s t i l l  some d is p u te  
w hether t h i s  seco n d a ry  o rd e r in g  r e a c t io n  i s  a  p h ase  s e p a r a t io n  in t o  
two o rd e re d  s t r u c t u r e s  o r  a  homogeneous t r a n s f o r m a t i o n ^ ^ ,  th e r e  i s  
l i t t l e  doubt t h a t  i t  i s  due to  an  in c r e a s in g  o rd e r in g  te n d en cy  i n  th e  . ; 
second  c o o rd in a t io n  sp h e re  w ith  d e c re a s in g  te m p e ra tu re .
2 . k  T h e o r e t ic a l  m odels d e s c r ib in g  o rd e r in g
T h e o r e t ic a l  i n t e r p r e t a t i o n s  o f  o rd e r in g  have a  lo n g  h i s t o r y ,
(4-7)much o f  w hich h a s  been  rev ie w e d  by S a to  • Most o f  t h i s  e f f o r t  
h a s  been  con ce rn ed  w ith  th e  p r e d ic t io n  o f  th e  r e l a t i v e  s t a b i l i t y  
o f  d i f f e r e n t  o rd e re d  s t r u c t u r e s  a t  d i f f e r e n t  te m p e ra tu re s  and  
c o m p o sitio n s .
E a r ly  m odels such  a s  th e  B ragg -W illiam s-G orsky  (BWG) f o rm u la t io n  
(48—50) w ere b a se d  s im p ly  on i n t e r a c t i o n s  w ith in  th e  f i r s t  c o o r d in a t io n  •
s p h e re .  Such an  ap p ro ach , how ever, can o n ly  acc o u n t f o r  th e  v e ry
s im p le s t  o rd e re d  s t r u c t u r e s .  Most c u r r e n t  m odels assume i n t e r a c t i o n
i n  b o th  th e  f i r s t  and second  c o o rd in a t io n  sp h e re s  ( i . e .  b o th  nn
and  nnn i n t e r a c t i o n s  ) .  The ground s t a t e  (OK) s t r u c t u r e s  f o r  b cc  a l l o y s
(51)have been  c a lc u la te d  by R ic h a rd s  and  Cahn f o r  d i f f e r e n t  r a t i o s  
o f  th e se ' nn and  nnn i n t e r a c t i o n s .  - ■
T here a re  numerous m odels w hich a t te m p t to  d e s c r ib e  o r d e r in g
b e h a v io u r  a s  a  f u n c t io n  o f  te m p e ra tu re ,  :f o r .  exam ple!: : th e  p a i r
(3 ^ ) - ( 53 )
ap p ro x im a tio n  model " ,  th e  s e r i e s  e x p a n s io n  m odel ^  , th e  c l u s t e r
v a r i a t i o n  model BWG ty p e  o f  fo rm u la tio n  b a se d  on two in d e p e n d e n t
(3 6 )
p a ra m e te rs  d e s c r ib in g  b o th  nn and  »nn i n t e r a c t i o n s  • I t  i s  g e n e r a l l y
a g re e d  t h a t  th e  c l u s t e r  v a r i a t i o n  m odel g iv e s  th e  c l o s e s t  c o r r e l a t i o n
(55)w ith  e x p e r im e n ta l r e s u l t s  . However i n  an  e x te n s iv e  s tu d y  o f  
b cc  o rd e r in g  b e h a v io u r  by I n d e n ^ ^ ’^ , a  BWG ty p e  o f . ..
_ ap p roach  h as  been  u sed  in  o rd e r  to  l i m i t  th e  amount o f  c o m p u ta tio n a l
w ork. I n  th e  p a r t i c u l a r  case  w here th e  r a t i o  o f  nn to  nnn i n t e r ­
a c t io n s  e q u a ls  1 . 875? t h i s  ty p e  o f  app ro ach  h a s  b een  shown to  g iv e
( 52 )much th e  same r e s u l t  a s  th e  c l u s t e r 'v a r i a t i o n  model . In d e n  h a s
, ( 5 6 )
?p ro d u ced  p h ase  d iagram s p r e d ic t in g  th e  o rd e r in g  b e h a v io u r  o f  F e - S i
(h'l)
Cu-Zn* Au-Zn* Ag-Zn, Au-Cu-Zn and  Ag-Au-Zn w hich c o r r e l a t e  v e ry  
w e ll  w ith  e x p e r im e n ta l r e s u l t s .  The rem a in d e r o f  t h i s  s e c t i o n  w i l l  
be d ev o ted  to  an  in t r o d u c t io n  o f  In d e n 1 s  m ethods f o r  p r e d i c t i n g  b c c  
o rd e r in g  b e h a v io u r .
R e tu rn in g  to  F ig u re  6 , th e  o c c u p a tio n  p r o b a b i l i t i e s  on each  
o f  th e  fo u r  s u b - l a t t i c e s *  a s s o c ia te d  w ith  each  o rd e re d  s t r u c t u r e  
a re  p r e s e n te d  i n  S e c t io n  2.3» 1* These a to m ic  c o n f ig u r a t io n s  may
now be d e s c r ib e d  w ith  th e  a i d  o f  th r e e  in d e p en d en t p a ra m e te rs ?  x ,  y  an d
1 / I  I I  I I I  TV ,x  = t  I p |  + PA -  PA -  PA ) . . . . . . .  E q u a tio n  5 .
1 / I I I  IV x '■ -c ' ' cy =  2  v. P A  ' -  P A  . )      • - E q u a tio n  6 .
2 =  2  C p ^  -  p^1 )............... ........................... E q u a tio n  ? .
The p a ra m e te r  x  may be c o n s id e re d  a s  a  m easure o f  th e  d eg ree  
o f  nn o rd e r  o f  th e  B2 ty p e ,  w h i l s t  y  d e s c r ib e s  nnn o rd e r  o f  th e  D0 _ 
and  L2. ty p e s .  The z  p a ra m e te r  d e s c r ib e s  o rd e r in g  o f  th e  ty p e  F ?3m"1
and  B32  i n  w hich th e  nnn s i t e s  I  and I I  have d i f f e r e n t  s i t e  
o c c u p a tio n  . p r o b a b i l i t i e s .
2 .4 .1  The d e te rm in a tio n  o f  in te rc h a n g e  e n e rg ie s
The ch em ica l i n t e r a c t i o n  en erg y  betw een  n e a r e s t  n e ig h b o u r  (n n ) 
and  n e x t n e a r e s t  n e ig h b o u r (nnn) p a i r s  o f  atom s i n  a  b in a ry  a l l o y  
A-B i s  g iv e n  a s  V '^g  and  Vn^g r e s p e c t iv e l y ,  w h i l s t  th e  p a i r  i n t e r a c t i o n  
betw een  l i k e  s p e c ie s  i s  ^ " aA* ^*BB a n d t h i s  n o t a t i o n  an
in te rc h a n g e  energ y  may be d e f in e d  f o r  b o th  nn and  nnn p a i r s '  o f  a tom s
(nn) = “2V*^ g + Vj^ + ....... ,.. Equation 8.
(nnn) w2; = “2VAB + VAA * VBB ........... Equation 9-
I f  th e s e  in te rc h a n g e  e n e rg ie s  a re  p o s i t i v e , th e  A-B a l l o y  w i l l
show an  o rd e r in g  te n d en cy , w h i l s t  i f  th e y  a re  n e g a t iv e ,  s e g r e g a t io n
r e a c t io n s  a re  e x p e c te d . The v a r io u s  m ethods w hich a re  a v a i l a b l e
f o r  th e  d e te rm in a tio n  o f  th e s e  in te rc h a n g e  e n e rg ie s  have b een  rev ie w e d  
( 5 5 )
by In d e n  .and may be d iv id e d  in to  two m ajor c a t e g o r ie s ;  f i r s t l y  
from  en erg y  m easurem ents su ch  a s  th e  e n th a lp y  o f  fo rm a tio n , s p e c i f i c  
h e a t  and a n t i -p h a s e  dom ain-boundary e n e rg y ; and  se c o n d ly  from  
c o n s id e ra t io n s  o f  th e  c r i t i c a l  o rd e r in g  te m p e ra tu re s .  An exam ple 
o f  each  ty p e  o f  app roach  i s  g iv e n  below :
In te rc h a n g e  e n e rg ie s  from fo rm a tio n  e n th a lp ie s
I f  an  a l lo y  d is p la y s  a  n e g a t iv e  e n th a lp y  o f  fo rm a tio n , AH^ 5 th e
a t t r a c t i o n  betw een u n l ik e  s p e c ie s  m ust be g r e a t e r  th a n  th e  a t t r a c t i o n
betw een  l i k e  s p e c ie s  and an  o rd e re d  c o n f ig u ra t io n  i s  e x p e c te d . T h is
h a s  been  q u a n t i f i e d  i n  E q u a t io n >10, w hich r e l a t e s  f o r  a
\(55 )
d is o rd e re d  eq u ia to m ic  a l l o y  to  b o th  and W '.
AH ( d is o rd e re d  b c c , c= 0 .5 ) = -JkN ( + ^ 2  )  E q u a tio n  1 0 .
■ .- •• . / - k  k
w h ere : - N = Avo.gadro’s  num ber, 6 .0 3 x 1 0 ^ .
k  = B o ltzm an n 's  c o n s ta n t ,  1 3 » 8 x 1 0 ~ ^  J  
c = Atomic f r a c t i o n  o f  one com ponent.
—24VT15W2  = In te rc h a n g e  e n e rg ie s  i n  k - u n i t s  (lk= 13*8x1C f J ) .
—1AH^ = F o rm atio n  e n th a lp y ,  J  mol .
In te rc h a n g e  e n e rg ie s  from  c r i t i c a l  o rd e rin g ; te m p e ra tu re s
In te rc h a n g e  e n e rg ie s  can  o n ly  be r e l a t e d  to  c r i t i c a l  o rd e r in g
(55)te m p e ra tu re s  by th e  u se  o f  a  s u i t a b l e  m odel . I t  depends upon th e  
r e l i a b i l i t y  o f  th e  p a r t i c u l a r  model i n  q u e s tio n  w hether th e  c r i t i c a l  
o rd e r in g  te m p e ra tu re  d e r iv e d  from i t  ap p ro ac h es  th e  c o rre sp o n d in g  
e x p e r im e n ta lly  d e te rm in e d  te m p e ra tu re .
I n  th e  ca se  o f  th e  BWG ty p e  o f  mo d e l  and In d e n s  s im i l a r
fo rm u la tio n  - , th e  c o n t r ib u t io n  o f  s h o r t  ran g e  o rd e r  p r i o r  to  th e
c r i t i c a l  o rd e r in g  te m p e ra tu re  i s  ignored*  T h e re fo re  any c a l c u la te d  .
o rd e r in g  te m p e ra tu re s  te n d  to  be h ig h e r  th a n  th e  e x p e r im e n ta l ly
d e te rm in e d  v a lu e s .  I t  h a s  been  fo und , how ever, t h a t  a  c o r r e c t io n
(55)f a c t o r ,  p. , may be u se d  to  a llo w  f o r  t h i s  d isc re p a n c y  ^  . E q u a tio n s
11 and  12 r e l a t e  th e  in te rc h a n g e  e n e rg ie s  to  b o th  th e  A2-B2 and
(55)B2-D0^ c r i t i c a l  o rd e r in g  te m p e ra tu re s  :
T (A2+B2) = |x(T BWG) = y.( c( 1 - c) (  8W1 -  6W2 ) )  . . .  Equ a t io n  11.
' X k  k  “
T (B2-»D0,)= P.CT BWG) = ji(  ^ 2  (1 - c -x ) ( c + x ) )   Equ a t io n  12 .y 2  y k
2 . k . 2  The c a l c u la t io n  o f  p h ase  e q u i l i b r i a
A p h ase  d iagram  r e p r e s e n t s  th e  c o n s t i t u t i o n  and  s t r u c t u r e  o f  a l l o y s  
a s  a  f u n c t io n  o f  te m p e ra tu re . To c a l c u la te  p h ase  d iagram s from  t h e o r e t i c a l  
p r i n c i p l e s  i t  i s  e s s e n t i a l  to  be a b le  to  c a l c u la te  th e  f r e e  e n e rg y  
o f  a l l  com peting p h a se s  a s  a  f u n c t io n  o f  b o th  te m p e ra tu re  and  
c o m p o sitio n . A two p h ase  r e g io n  may be d e te rm in e d  from  f r e e  en e rg y  
v e rs u s  te m p e ra tu re  d iagram s by em ploying th e  w e ll  known common 
ta n g en cy  c o n s tr u c t io n .  T h is  d e f in e s  th e  c o n s t i t u t i o n s  and  p r o p o r t io n s  
o f  each  p h ase  co rre sp o n d in g  to  th e  minimum f r e e  en erg y  o f  th e  a l l o y .
Of th e  a t te m p ts  to  c a l c u la te  p h ase  e q u i l i b r i a ,  m ost n o ta b le  i s
f rO)
th e  work o f  Kaufman who h a s  su ccee d ed  i n  c a l c u la t in g  p h ase  d iag ram s 
w hich c o r r e l a t e  v e ry  w e ll  w ith  e x p e r im e n ta lly  d e te rm in e d  e q u i l i b r i a .  j
M ethods f o r  th e  f r e e  en e rg y  d e te rm in a tio n  o f  d i f f e r e n t  o rd e re d
(56  57)s t r u c t u r e s  have been  fo rm u la te d  by In d en  J 5 . . The f r e e  e n e rg y
o f  th e  b cc .p h ase  i n  te rm s o f  s i t e  o c c u p a tio n  p r o b a b i l i t i e s ,  lo n g  
ra n g e  o rd e r in g  p a ra m e te r s ,  in te rc h a n g e  e n e rg ie s  and  te m p e ra tu r e * is  
g iv e n  by E q u a tio n  13 .
( 1) (2) (3) W
<--------- :------------- . y------------------------ v. t—  --- ;------ i :'t---------------- - -------  ^ .
AG = nk -  N c a c b ( W 1 +3W 2 )  -  ■ JH ((8W 1 -6 W 2 ) x 2  +  3W2 (y 2+32 ))-4N kT  p h n C p h . .
AG = G ibbs f r e e  e n e rg y -, J  m ol~^. \ . . . . . . .  E q u a tio n  13*
- w here: U = I n t e r n a l  en erg y  o f  th e  p u re  com ponents, J  mol .
N = A vogadro’s  number, 6 .0 3 x 1 0 ^ .  •
CA’ °B = a to m ic  f r a c t i o n s ‘'o.f th e - .two com ponents.
^ 1 ’^2  = I n te r c h ^ e  e n e r g ie s ,  k - u n i t s .
x ,y  and  z = Long ran g e  o rd e r in g  p a ra m e te rs .
—2 f^ —1k  = B oltzm anns c o n s ta n t ,  13 .8x10 J,K  .
p ^  -  S i t e  o c c u p a tio n  p r o b a b i l i t i e s ,  (L=I~IV and j=  A o r  B ) .
J
T = T em perature (K ).
Terms ( 1 ) ,  (2 ) and  ( 3 ).. co rre sp o n d  to  th e  e n th a lp y  c o n t r ib u t io n s  
o f  th e ;  d is o rd e re d  A2 p h a se , o rd e re d  B2 p h a se , and  D0^,B32 o r  F ^ m  p h a s e s  
r e s p e c t iv e l y .  l i /h i ls t  ; te rm  (k )  i s  th e  te m p e ra tu re  dep en d en t e n tro p y  
te rm  d e r iv e d  from  th e  s i t e  o c c u p a tio n  p r o b a b i l i t i e s  by  u s in g  
S t i r l i n g ’s  ap p ro x im a tio n .
At any p a r t i c u l a r  te m p e ra tu re  and  c o m p o sitio n , f o r  p a r t i c u l a r  
v a lu e s  o f  l/Aj and , th e r e  i s  a  u n iq u e  s o lu t i o n  f o r  x ,  y  an d  z w hich  
y i e ld s  a  minimum v a lu e  o f  AG. U sing  t h i s  m ethod, th e  m ost s t a b l e  
o rd e re d  s t r u c t u r e  a t  any p a r t i c u l a r  te m p e ra tu re  and  c o m p o s itio n  may 
be determined*, and p h ase  d iagram s su ch  a s  F ig u re  8 f o r  Cu-Zn may
( 2|/1 )
be c o n s tru c te d  . S im ila r  p h ase  d iagram s have a ls o  been  c a l c u la te d  f o r  
h y p o t h e t i c a l '  a l lo y s  p o s s e s s in g  a  ra n g e  o f  d i f f e r e n t  ¥ 1 : W2 r a t i o s ^ \
2 . k . 3  The C a lc u la t io n  o f  t e r n a r y  p h ase  e q u i l i b r i a
The a d d i t io n  o f  a  t h i r d  component to  a  b in a ry  a l lo y  g r e a t l y
in c r e a s e s  th e  co m p lex ity  o f  c a l c u la t in g  p h ase  e q u i l i b r i a .  The th r e e
lo n g  ran g e  o rd e r in g  p a ra m e te rs  x ,  y  and z a re  no lo n g e r  s u f f i c i e n t
to  co m p le te ly  d e s c r ib e  th e  s t r u c t u r e  . I n s te a d ,  s e p a r a te  x ,  y  and z
p a ra m e te rs  a re  n e c e s s a ry  f o r  two o u t o f  th e  th r e e  a tom ic  s p e c ie s
p r e s e n t .  E q u a tio n s  15 and  16 r e p la c e  th e  b in a ry  E q u a tio n s  5? 6
1
and 7 r e s p e c t iv e l y .
 ^ , I  I I  I I I  IV \ _
-  P^ -  ? i  ) ............ E q u a tio n  14.
- , I I I  IV V _ . . ■
7 ± = -2 C P ± -  P i  ) .........................  E q u a tio n  15.
= -J ( p ?  -  p ?  )      E q u a tio n  16 .
w here: ( i  = A o r  B i n  an  A-B-C a l lo y  )
The a d d i t io n  o f  a  t h i r d  e lem en t a l s o  in c r e a s e s  th e  number o f  
p o s s ib le  i n t e r a c t i o n s ,  so to  c a l c u la t e  th e  f r e e  e n e rg y , nn and  nnn 
in te rc h a n g e  e n e rg ie s  m ust be known f o r  A-B, A-C and B-C p a i r s  o f  
atom s i n  an  A-Br-C te r n a r y  a l lo y .  An e q u a tio n  h a s  been  fo rm u la te d  
w hich in c lu d e s  a l l  th e  s i t e  o c c u p a tio n  p r o b a b i l i t i e s ,  lo n g  ra n g e  
o rd e r in g  p a ra m e te rs  and in te rc h a n g e  e n e r g ie s ,  and t h i s  e q u a t io n  
may be u sed  to  d e te rm in e  th e  f r e e  en e rg y  o f  te r n a r y  o rd e re d  bcc
/ / *7/^  \
p h a se s  . In c lu d e d  in  E q u a tio n  17 a re  o n ly  th o s e  en e rg y  te rm s
concerned  w ith  th e  o rd e r in g  en e rg y ; th e  f u l l  e x p re s s io n  may be fo u n d  
i n  R efe ren ce  3 6 .
AG = TJk -  Ud -  JN [ i ( 8w f -  6w f  ) x f  + (8 w f-  6w f  ) X g 2
E q u a tio n  17<
+ ( 8 ( ^ Cf » f -  w f ) -  6 ( w f + w f -  w f ) ) : ^
+ 3 w f  (y 2 + z2 ) + 3W f (y 2  + z2  )
+ 3 ( w f  + w f  -  w f ) (yAyB + V b  ) J
■.' -■3m m  t  P i  l n  ( I )
1 Xj r l
AG- G ibbs f r e e  en e rg y , J  m ol~^„
/ '/  ' •*’ ‘ - L, i v ? i’ ' \ <
w here: = E n th a lp y  o f  th e  d is o rd e re d  A2 p h a se , J  mol
L = L a t t i c e  s i t e  I ,  I I ,  I I I  o r  IV , 
i  = A o r  B i n  an  A-B-C a l l o y r
Ih e  re m a in in g  te rm s a re  d i r e c t l y  an a lo g o u s  to  th o s e  d e f in e d  
i n  E q u a tio n  13« I n  th e  same manner a s  f o r  th e  b in a ry  c a s e ,  a t  any  
p a r t i c u l a r  te m p e ra tu re  and c o m p o sitio n , f o r  p a r t i c u l a r  v a lu e s  o f  W ^ , 
w f , w f ,  w f , w f  and  w f ,  th e r e  i s  a  u n iq u e  s o lu t io n  f o r  x ^ , Xg, y ^ , 
•^ B’ ZB an<  ^ ZA w h ic h  y ie ld s  a  minimum v a lu e  f o r  AG
2 .5  The r e t e n t i o n  o f  d is o r d e r  a t  low te m p e ra tu re s
The o rd e r in g  r e a c t io n ,  u n l ik e  m a r t e n s i t i c  o r  d is p la c iv e  t r a n s -
fo rm a tio n s , r e q u ir e s  a 's m a l l  d eg ree  o f  th e rm a l a c t i v a t i o n  a t  and  below
th e  c r i t i c a l  o rd e r in g  te m p e ra tu re  i n  o rd e r  f o r  th e  atom s to  f i n d  t h e i r
a p p r o p r ia te  s u b - l a t t i c e s .  T h e re fo re  i n  a l l  a l lo y s  th e r e  m ust be some
f i n i t e  c o o lin g  r a t e  above w hich d is o r d e r  may be r e t a i n e d  a t  low te m p e r - ’
( CQ go)
a t u r e s .  I n  some a l l o y s ,  f o r  exam ple F e_P t and FeCo , th e  c r i t i c a l
c o o lin g  r a t e  above w hich th e  o rd e r in g  r e a c t io n  i s  s u p p re s se d  i s  r e a s o n a b ly  
s lo w , th u s  a llo w in g  c o n s id e ra b le  d e g re e s .o f  d is o rd e r  to  b e  q u e n c h e d -in  
a t  low  te m p e ra tu re s .  D e sp ite  th e  u se  o f  v e ry  slow  c o o lin g  r a t e s ,  i f  th e  
. c r i t i c a l  o rd e r in g  te m p e ra tu re  i s  v e ry  low com pared w ith  th e  m e lt in g  
te m p e ra tu re  o f  th e  a l lo y ,  th e r e  may be i n s u f f i c i e n t  th e rm a l a c t i v a t i o n  
f o r  o rd e r in g  to  ta k e  p la c e ,  seems l i k e l y  t h a t  some i r o n  r i c h  F e-N i 
a l lo y s  f a l l  in to  t h i s  c a te g o ry ^ 1 ^
By c o n t r a s t ,  i n  a l lo y s  w ith  r e l a t i v e l y  low m e ltin g  te m p e ra tu re s ,  
even i f  some d is o rd e r  i s  q u en ch e d -in  a t  room te m p e ra tu re , th e r e  may 
be s u f f i c i e n t  th e rm a l a c t i v a t i o n  f o r  th e  n e c e s s a ry  a to m ic  movements f o r  
o rd e r in g  to  o ccu r a t  t h a t  te m p e ra tu re .  The k i n e t i c s  o f  h y p o th e t ic a l  
o rd e r in g  r e a c t io n s  o f  t h i s  ty p e  have been  s tu d ie d  r e c e n t ly  by  K ik u ch i
, c  ' ( 62)and  S a to  .
2»5«1 O rd e rin g  i n  b in a ry  and  te r n a r y  b r a s s e s
I t  h a s  been  d e te rm in e d  by X -ray  te c h n iq u e s  t h a t  i n  b e t a  b r a s s  j
I
(Cu^9$Zn) a  l a r g e  p r o p o r t io n  o f  th e  o rd e r in g  r e a c t io n  o c c u rs  r a p i d l y  s
' ' i
"  Io v e r a  v e ry  narrow  te m p e ra tu re  ra n g e  j u s t  below  th e  c r i t i c a l  t
( 20) [o rd e r in g  te m p e ra tu re  . I t  h a s  a l s o  been  d em o n stra ted  t h a t  |
quench ing  a  s im i la r  a l lo y  from  523K (250°C) r e s u l t s  i n  th e  r e t e n t i o n  |
o f  'the sm a ll deg ree  o f  d is o rd e r  w hich i s  e x p e c te d  a t  t h a t  te m p e ra tu re ^
However a  v e ry  s h o r t  tim e  a n n e a l a t  room te m p e ra tu re  was found  to
r e s u l t  i n  th e  o rd e r in g  o f  t h i s  q u en ch e d -in  d is o r d e r .  T h is  c o n f l i c t s  I
with, th e  many r e p o r t s  t h a t  th e  r e t e n t i o n  o f  s i g n i f i c a n t  d e g re e s  o f  I
d is o r d e r  i n  b e ta  b r a s s  i s  i m p o s s i b l e ^ ?17?62 ) ^
Most work on th e  o rd e r in g  b e h a v io u r  o f  b e ta  b r a s s  h a s  b een
co n cern ed  w ith  a l lo y s  c lo se  to  th e  eq u ia to m ic  c o m p o sitio n . A cco rd in g
to  F ig u re  8 ^ ^ i t  i s  th e s e  a l lo y s  w hich have th e  h ig h e s t  c r i t i c a l
o rd e r in g  tem peratures^ ',. and  th e r e f o r e  from  c o n s id e ra t io n s  o f  F ig u re  7 ^ ^
w ould be e x p e c te d  to  show l e s s  e v id en ce  o f  q u en ch ed -in  d i s o r d e r
th a n  a l lo y s  e lsew h ere  i n  th e  sy stem . The o rd e r in g  b e h a v io u r  o f
Cu-Zn b e ta  p h a se s  h av in g  co m p o sitio n s  w hich y i e l d  a  m a r t e n s i t i c
t r a n s fo rm a t io n  a t  low te m p e ra tu re s  h a s  n o t been  s tu d ie d ,  a l th o u g h
i t  seem s l i k e l y  t h a t  th e  low A2-B2 c r i t i c a l  o rd e r in g  te m p e ra tu re ,
n ( k l )a s  i l l u s t r a t e d  i n  F ig u re  o w ould te n d  to  encourage an  in c r e a s e
in  th e  amount o f  q u en ch e d -in  d is o rd e r  com pared to  th e . e q u ia to m ic  a l i o y .  :
I t  h a s  been  s u g g e s te d  t h a t  th e  low te m p e ra tu re  p o s t  quench
ag e in g  e f f e c t s  p r e s e n t  i n  b e ta  b r a s s ,  and  w hich have b een  r e p o r t e d  '
i n  S e c t io n  2 .2 .2 ,  a re  i n  some m easure d u e ’ to  th e  g row th  o f  a n t ip h a s e
dom ains . • However th e  o b s e rv a t io n  t h a t  th e  maximum e f f e c t s  o c c u r
when specim ens a r e  quenched from  below  th e  c r i t i c a l  o rd e r in g
(17)te m p e ra tu re  was th o u g h t to  c o n f l i c t  w ith  t h i s  th e o ry  .
The in f lu e n c e  upon th e  o rd e r in g  b e h a v io u r  o f  ad d in g  s m a ll  
am ounts o f  alum inium  to  b in a ry  Cu-Zn h a s  a l s o  n o t been  e x p e r im e n ta l ly  
d e te rm in e d . However s in c e  th e  a d d i t io n  o f  a t h i r d  e lem en t i s  g e n e r a l ly  
e x p e c te d  to  slow  down, th e  d i f f u s io n  p ro c e s s e s  w i th in  an  a l l o y ,  one 
w ould e x p e c t th e  o rd e r in g  r e a c t i o n  to  be s l i g h t l y  r e t a r d e d .  T ra n sm is s io n  
e le c t r o n  m icroscopy  o f  Cu-Zn-Al b e ta  p h a se  a l lo y s  e x h ib i t i n g  low  
te m p e ra tu re  m a r t e n s i t i c  t r a n s fo rm a tio n s  d e m o n stra te s  t h a t  th e  
a n t ip h a s e  domains a re  a b le  toYgrow when h e ld  a t  373^ (100°C ) f o r  
1 h o u r , w h i l s t  a  h e a t  t r e a tm e n t a t  573K ( 300°C) p ro d u c e s  no su ch
(6k 65)a n t ip h a s e  domain grow th ’ . Such o b s e rv a t io n s  s u g g e s t  t h a t  a n
a p p re c ia b le  deg ree  o f  d is o rd e r in g  i s  p r e s e n t  a t  573^ (300°C ) i n  
Cu-Zn-Al b e ta  p h a se s  c lo se  to  th e  c e n t r e  o f  th e  t e r n a r y  d iag ram .
I n  th e  Cu-Zn-Mn system  i t  h a s  been  found  t h a t  th e  c r i t i c a l  o rd e r in g
te m p e ra tu re s  d e c re a se  and th e  amount o f  d is o r d e r  r e t a in e d  a t  low tem p er­
a tu r e  in c r e a s e s  a s  manganese i s  added to  b in a ry  Cu-Zn b e ta  p h a s e s ^ ^ .
Work i s  a l s o  a v a i la b le  w hich in d i c a te s  t h a t  th e  c h a r a c t e r i s t i c  m a r t e n s i t i c  
t r a n s fo rm a t io n  te m p e ra tu re s  in  Cu-Zn-Mn a l lo y s  a re  in f lu e n c e d  by th e
p re se n c e  o f  q u en ch e d -in  d i s o r d e r T h i s  i s  c o n s i s te n t  w ith  r e p o r t s  o f
(64 6^)s im i la r  e f f e c t s  in  Cu-Zn-A l a l lo y s  ’ .
2 * 5 .2  The in f lu e n c e  o f  v a c a n c ie s  on th e  o rd e r in g  r e a c t io n
The m ost s i g n i f i c a n t  in f lu e n c e  t h a t  a n o n -e q u il ib r iu m  d e fe c t
c o n c e n tr a t io n  w i l l  have on th e  o rd e r in g  r e a c t io n  in  n o b le  m e ta l b e ta
(62)p h a se s  i s  to  a c c e le r a te  th e  t r a n s fo rm a tio n  k i n e t i c s  .• I t  i s ,  p o s s ib le
how ever t h a t  th e  d e f e c ts  th e m se lv es  undergo  an o rd e r in g  r e a c t io n  and form
a s u p e r l a t t i c e  o f  s t r u c t u r a l  v a c a n c ie s ,  e i t h e r  a s  an in te rm e d ia te  s ta g e
b e fo re  th e  v a c a n c ie s  can be a n i h i l a t e d  o r  a s  a  s t a b l e  low te m p e ra tu re
s t r u c t u r e .  R e p o rts  a re  a v a i la b l e  w hich s u g g e s t t h a t  d i f f e r e n c e s  a s  l a r g e  
2
a s  10 i n  th e  vacancy  c o n c e n tr a t io n  on d i f f e r e n t  s u b l a t t i c e s  a re  p o s s ib le
(68)i n  some n o b le  m e ta l b e ta  p h ase  system s A s e m i- q u a n t i t a t iv e  s tu d y
o f  th e  therm odynam ic c o n d i t io n s  r e q u i r e d  f o r  th e  p a r t i t i o n i n g  o f  v a c a n c ie s  
o n to  one p a r t i c u l a r  s u b l a t t i c e  to  o c c u r i n  o rd e re d  a l lo y s  i s  a v a i l a b l e .
I f  th e  s e g re g a t io n  o f  v a c a n c ie s  does o ccu r i n  n o b le  m e ta l r i c h
o rd e re d  b e ta  p h a s e s , i t  w ould be e x p e c te d  t h a t  v a c a n c ie s  occupy s u b l a t t i c e s
o th e r  th a n  th o s e  n o rm a lly  o ccu p ied  by th e  n o b le  m e ta l a tom s; a s  t h i s  w ould
a llo w  o th e rw ise  w rongly  s i t e d  atom s to  occupy p o s i t i o n s  on t h e i r  own
s u b l a t t i c e s .  T here i s  ev id en ce  w hich s u g g e s ts  t h a t  in  b e ta  p h ase  Au-C'd 
( 24)t h i s  does o ccu r , how ever no such  in fo rm a tio n  i s  a v a i la b l e  f o r  th e  
case  o f  b e ta  b r a s s  a l lo y s .
CHAPTER 3
PRIOR LITERATURE CONCERNING THE MARTENSITE PHASE
3.1  T h e rm o e la s tic  m a r te n s i te
The m a r te n s i te  form ed from  n o b le  m e ta l b e ta  p h a se s  d i f f e r s  from 
t h a t  fo u n d  i n  f e r r o u s  a l lo y s  i n  two m ajor r e s p e c t s .  F i r s t l y ,  u n l ik e  
th e  f c c - b c t  t r a n s fo rm a tio n  i n  s t e e l s ,  n o b le  m e ta l b e ta  p h a s e s  e x h i b i t  
a  m a r t e n s i t i c  t r a n s fo rm a tio n  from th e  bcc s t r u c t u r e  to  c lo se  p ack ed  
s t r u c t u r e s  o f  one ty p e  o r  a n o th e r .  The second  m ajor d i f f e r e n c e  i s  th e  
manner in  w hich th e  m a r te n s i te  p h ase  form s from th e  p a r e n t  p h a s e . I n  
n o b le  m e ta l b e ta  p h a s e s ,  on c o o lin g  th ro u g h  th e  t r a n s fo rm a t io n  ra n g e , 
th e  m a r te n s i te  p h ase  form s a c c o rd in g  to  a d e l i c a t e  b a la n c e  betw een  th e  
d r iv in g  f o r c e s  f o r  t r a n s fo rm a tio n  and th e  e l a s t i c  s t r a i n  e n e rg y  p r e s e n t  
w ith in  th e  new ly form ed m a r te n s i te .  T h is  ty p e  o f  t r a n s fo rm a t io n  i s  
te rm ed  th e rm o e la s t ic  and u n l ik e  th e  t r a n s fo rm a tio n  in  s t e e l s  th e  m a r te n s i te
p h ase  i s  a b le  to  r e v e r t  back  to  th e  p a r e n t  p h ase  a t  a te m p e ra tu re  o n ly  
a  few d e g re e s  above th e  o r i g i n a l  t r a n s fo rm a tio n  te m p e ra tu re .
I n  t h i s  C h ap te r th e  s t r u c t u r e  and p r o p e r t i e s  o f  th e rm o e la s t ic  
m a r te n s i te  w i l l  be c o n s id e re d . P a r t i c u l a r  a t t e n t i o n  w i l l  be p a id  to  
th e  t r a n s fo rm a t io n  in  b e ta  b r a s s  ty p e  a l lo y s  and any an o m a lie s  r e p o r te d  
i n  th e s e  sy s tem s .
3«1>1 The s t r u c t u r a l  re q u ire m e n ts  f o r  t h e r m o e la s t i c i ty
T h e rm o e la s tic  t r a n s fo rm a t io n s  a re  found  i n  many a l l o y  sy s tem s  and 
many a t te m p ts  have been  made to  e s t a b l i s h  th e  common s t r u c t u r a l  c h a r a c te r ­
i s t i c s  o f  such  a l lo y s .  The m ajo r re q u ire m e n ts  f o r  t h e r m o e la s t i c i t y  seem 
to  be t h a t  th e  p a r e n t  p h ase  i s  c h e m ic a lly  o rd e re d  and t h a t  o n ly  a  sm a ll
volume change accom panies th e  t r a n s fo rm a t io n  . A f u r t h e r  re q u ire m e n t;
( 86)t h a t  th e  m a r te n s i te  i s  i n t e r n a l l y  tw inned , h a s  now been  p ro v e d  
i n v a l i d
I f  th e s e  re q u ire m e n ts  a re  f u l f i l l e d  th e n  th e  sm a ll deg ree  o f  
m ism atch betw een th e  p a r e n t  and m a r te n s i te  p h a se s  w i l l  a llo w  a  h ig h  
deg ree  o f  i n t e r f a c i a l  p e r f e c t io n ,  and b o th  th e  t r a n s fo rm a tio n  s t r a i n  
and any e x t e r n a l ly  im posed s t r a i n  may be accommodated r e v e r s ib l y ,  
in s t e a d  o f  p e rm a n en tly  by means o f  m echanisms su ch  a s  s l i p .  The absence  
o f  s l i p  i s  e s s e n t i a l  f o r  good m a r te n s i te  r e v e r s i b i l i t y  and g e n e r a l ly  
any mechanism w hich in c r e a s e s  th e  y i e l d  s t r e s s  o f  th e  p a r e n t  p h ase  
w i l l  h e lp  to  s u p p re s s  p l a s t i c  d e fo rm a tio n . Most s t r e n g th e n in g  mechanism s
however w i l l  a l s o  in c re a s e  th e  s h e a r  s t r e s s  r e q u i r e d  to  move th e  p a r e n t -
/o o ,\
m a r te n s i te  i n t e r f a c i a l  d i s lo c a t io n s  ; t h i s  i n  tu r n  w d ll in c r e a s e  th e  
e l a s t i c  s t r a i n  en e rg y  r e q u i r e d  f o r  th e rm o e la s t ic  e q u i l ib r iu m  and w i l l  
be s e l f  d e f e a t in g  in  p ro m o tin g  th e  e l a s t i c  accom m odation o f  d e fo rm a tio n .
A s tr e n g th e n in g  mechanism i s  r e q u i r e d  w hich p r e f e r e n t i a l l y  i n h i b i t s  
s l i p  w ith o u t s im i l a r l y  in f lu e n c in g  th e  t r a n s fo rm a t io n  d i s lo c a t i o n s .
Long ran g e  o rd e r  can p ro v id e  such  a  m echanism . O rder can i n h i b i t  s l i p  
when th e  t o t a l  l a t t i c e  d i s lo c a t io n s  i n / t h e  a l lo y  become p a r t i a l  d i s lo c a t i o n s  
i n  th e  s u p e r l a t t i c e .  T h is  p ro d u ces  a b a s ic  change in  th e  s l i p  p ro c e s s
w hich in  an o rd e re d  a l l o y  in v o lv e s  p a i r s  o f  d i s lo c a t io n s  c o n n ec ted  by
4.- .  v „ • (8 9 ) . .a n t i - p h a s e  b o u n d a rie s
I t  i s  a l s o  im p o r ta n t t h a t  no th e rm a lly  a c t i v a t e d  p ro c e s s e s  a re
p r e s e n t ,  e i t h e r  d u rin g  th e  t r a n s fo rm a tio n  o r  w h i l s t  th e  a l lo y  i s  i n  th e
m a r t e n s i t i c  c o n d i t io n .  T h is  i s  b ecau se  o f  th e  im p o rtan ce  o f  r e t a i n i n g
th e  l o c a l  s t r a i n  f i e l d s  a round  each  m a r te n s i te  p l a t e .  Any r e l a x a t i o n
o f  th e s e  s t r a i n  f i e l d s ,  w hich a re  n e c e s s a ry  f o r  th e  m a r te n s i te  to
re tr a n s fo rm  in  th e  r e v e r s e  sequence o f  i t s  fo rm a tio n , i n t e r f e r e s  w ith  th e
(88)th e rm o e la s t ic  b e h a v io u r  and  th e  a s s o c ia t e d  shape memory e f f e c t  
T h is  i s  p a r t i c u l a r l y  im p o r ta n t i n  a l lo y s  such  a s  C u-Zn-A l, i n  w hich 
th e  b e ta  p h ase  needs to  be quenched from  th e  h ig h  te m p e ra tu re  b e ta  p h ase  
f i e l d  to  p re v e n t  e q u i l ib r iu m  te m p erin g  r e a c t io n s .
5 «1«2 The m ech an ica l -p ro -perties o f  b e ta  p h ase  a l lo y s
Between th e  m a r te n s i te  t r a n s fo rm a tio n  s t a r t  te m p e ra tu re  (Mg ) and 
th e  te m p e ra tu re  above w hich s l i p  i s  p r e f e r r e d  to  th e rm o e la s t ic  t r a n s ­
fo rm a tio n  a s  a  niechanism o f  s t r a i n  accom m odation (M^), th e  a p p l i c a t io n  
o f  s t r e s s  p ro d u ces  s t r e s s  in d u c ed  m a r te n s i te  (SIM ). The^ su b se q u en t
r e l e a s e  o f  t h i s  s t r e s s  r e s u l t s  in  a s u p e r e l a s t i c  s t r e s s - s t r a i n  h y s t e r e s i s
'  ( Z i )
curve o f  th e  ty p e  i l l u s t r a t e d  s c h e m a tic a l ly  i n  F ig u re  9 . The l i n e a r
r e g io n  A-B (s e e  F ig u re  9 ) r e p r e s e n t s  th e  e l a s t i c  d e fo rm a tio n  o f  th e  p a r e n t  
p h a s e . At B th e  f i r s t  SIM p l a t e s  form ; and  th e  r e g io n  B-C i s  th e  ran g e  
o v e r w hich a l l  th e  p a r e n t  p h ase  tra n s fo rm s  to  m a r te n s i te .  Between C and 
C* a  r e v e r s ib l e  m o d if ic a t io n  o f  th e  m a r te n s i te  o c c u rs  and t h i s  may be 
e x p la in e d  by e i t h e r  th e  r e o r i e n t a t i o n  o f  some m a r te n s i te  p l a t e s  to  b e t t e r  
accommodate th e  im posed s t r a i n ,  o r  th e  s t r u c t u r a l  m o d if ic a t io n  o f  th e  
m a r te n s i te  by means of. r e v e r s ib l e  s ta c k in g  f a u l t s .  I f  th e  s t r e s s  i s  
now r e le a s e d ,  b o th  th e  s t r u c t u r a l  m o d if ic a t io n s  s u f f e r e d  i n  th e  ra n g e  
C-C* and th e  e l a s t i c  s t r a i n  w i th in  th e  m a r te n s i te  a re  re c o v e re d  o v er th e
I
ran g e  C’ -F . Between F and G th e  SIM r e v e r t s  to  th e  p a r e n t  p h ase  and 
e l a s t i c  re c o v e ry  o f  th e  p a r e n t  p h ase  i s  a c h ie v e d  o v e r th e  ra n g e  G-H.
The s t r a i n  r e p r e s e n te d  by A-H i s  i r r e c o v e r a b le .  I f  th e  specim en  h ad  
been  s t r a i n e d  from  Cf to  D an  i r r e c o v e r a b le  s t r u c t u r a l  m o d if ic a t io n  
w ould have o ccu re d  and  o v e r th e  ran g e  D-E p l a s t i c  d e fo rm a tio n  o f  th e  
m a r te n s i te  w ould have ta k e n  p la c e ,  e v e n tu a l ly  r e s u l t i n g  in  f a i l u r e .
3«1»3 The m ech an ica l p r o p e r t i e s  o f  th e rm o e la s t ic  m a r te n s i te s
The d e fo rm a tio n  o f  th e  th e rm o e la s t ic  m a r te n s i te  fo rm ed , on c o o lin g  
and th e  f u r t h e r  s t r a i n i n g  o f  SIM in v o lv e s  d e fo rm a tio n  m echanism s w hich 
a re  n o t  p r e s e n t  in  p u r e ly  s t r e s s  in d u c ed  m a r te n s i te  .
I n i t i a l l y  on s t r a i n i n g  th e  p a r e n t  p h a se , one o r  p e rh a p s  two 
g ro u p s o f  s e l f  accom m odating p l a t e s  f o r m ^ ^ .  On f u r t h e r  s t r a i n i n g  
t h i s  c o n f ig u r a t io n ,  one o f  th e  m a r te n s i te  v a r i a n t s  te n d s  to  grow a t  th e
expense o f  i t s  n e ig h b o u rs . I n  Cu-Zn and Cu-Zn-Al a l lo y s  th e  m a r te n s i te
s t r u c t u r e  i s  com prised  o f  a la m e l la r  m ix tu re  o f  a  complex s h i f t  s t r u c t u r e
h av in g  th e  s ta c k in g  sequence ABCBCACAB ( 3R) and th e  s im p le  f e e  s ta c k in g
AB (1R ). The r e s u l t i n g  s t r u c t u r e  i s  te rm ed  JR/lR  and i s  d e s c r ib e d  in
more d e t a i l  i n  S e c t io n  3»^«2. Such a  s t r u c t u r e  i s  form ed b eca u se  o f  th e
(91)minimum s t r a i n  en erg y  c o n s id e r a t io n s  f o r  n u c le a t io n  . The manner
i n  w hich t h i s  s t r u c t u r e  deform s r e v e r s ib l y  i s  n o t f u l l y  u n d e rs to o d ,
how ever i t  h a s  b een  s u g g e s te d  t h a t  on s t r a i n i n g  th e  3R /1R s t r u c t u r e ,  1R
la m e lla e  a re  a b so rb e d  in to  th e  3^  s t r u c t u r e ,  r e a p p e a r in g  e i t h e r  on
(if)
r e l e a s e  o f  th e  s t r e s s  o r  on h e a t in g  . I t  i s  c l e a r  t h a t  t h i s  change in
s t r u c t u r e  m ust be ta k e n  in to  acc o u n t i n  any f u l l  therm odynam ic d e s c r ip t io n
o f  th e  t r a n s fo rm a tio n ;  s in c e  th e  m o d if ic a t io n  o f  th e  m a r te n s i te  s t r u c t u r e
p ro d u ces  a  change in  i t s  f r e e  e n e rg y . T h is  h as  r e c e n t ly  been  s tu d ie d
(92)f o r  th e  case  o f  some f e r r o u s  m a r te n s i te s  by A rgen t , who h a s  found  
t h a t  th e  e n th a lp y  o f  th e  m a r te n s i te  p h ase  i s  a  v e ry  s e n s i t i v e  fu n c t io n  
o f  i t s  d e t a i l e d  c r y s t a l  s t r u c t u r e .
i
The 3R/1R s t r u c t u r e  i n h e r i t s  ch em ica l o rd e r  from th e  p a r e n t  p h a se , 
and o f  th e  th r e e  p o s s ib le  s h e a r  d i r e c t io n s  w i th in  th e  c lo s e  p ack e d  p la n e ,  
o n ly  one w i l l  n o t v io l a t e  th e  n e x t n e a r e s t  n e ig h b o u r o rd e r in g  r e q u i r e -
w
m ents . On o v e r s t r a in in g  Cu-Zn b in a ry  and  te r n a r y  a l lo y s  a  'p i n k '  
m a r te n s i te  p h ase  h a s  been  o b se rv ed  w ith in  th e  o r i g i n a l  m a r te n s i te
(93)s t r u c t u r e  . T h is  ’pink* p h ase  h as  been  a s s o c ia t e d  w ith  th e  d is o r d e r in g
o f  th e  m a r te n s i te  w hich may r e s u l t  from  s h e a r s  i n  e i t h e r  o f  th e  two
(93)'w ro n g 1 s h e a r  d i r e c t io n s  . F u rth e rm o re , a f t e r  e x c e s s iv e  s t r a i n i n g ,  th e
m a r te n s i te  p h ase  may undergo  p l a s t i c  d e fo rm a tio n  and  t h i s  b o th  d e s tro y s
th e  p e r f e c t io n  o f  th e  i n t e r - m a r t e n s i t e  b o u n d a r ie s  and  te n d s  to  r e l a x
/ oo \
th e  e l a s t i c  s t r a i n  f i e l d  a s s o c ia te d  w ith  each  m a r te n s i te  p l a t e
S T R A I N
F ig u re  9* S chem atic  r e p r e s e n t a t io n  o f  a  s t r e s s - s t r a i n  cu rve i l l u s t r a t i n g  
s u p e r e l a s t i c  b e h a v i o u r ^ .
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( 3 )F ig u re  10. C om position  dependence o f  th e  M te m p e ra tu re  in  b e ta  b r a s s
3 . 2  M a r t e n s i t i c  t r a n s f o r m a t io n  t e m p e r a t u r e s
The m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re s  in  b in a ry  and te rn a r y  
Cu-Zn b a se d  a l lo y s  a re  a  v e ry  s e n s i t i v e  fu n c t io n  o f  co m p o sitio n . The 
v a r i a t i o n  o f  w ith  co m p o sitio n  f o r  th e  case  o f  b e ta  b r a s s  h a s  been  
d e te rm in e d  by v a r io u s  w o r k e r s a n^ th e s e  r e s u l t s  a re  sum m arised 
in  F ig u re  10.
The a d d i t io n  o f  sm a ll ( < 2 ( a t ) $ )  te r n a r y  a d d i t io n s  to  Cu-Zn h as  
(71 72)been  s tu d ie d  by Pops who h as  found  t h a t  t e r n a r y  a d d i t io n s  o f  Ag,
Au, Cd, Ga, I n ,  Ge, Sb, Sn, S i  and A1 a l l  te n d  to  d e p re ss  th e  M tem p-s
e r a t u r e ,  w h i l s t  Ni was found  to  be th e  o n ly  a d d i t io n  to  r a i s e  th e  M^.
The g e n e ra l  e q u a tio n  d e s c r ib in g  th e  c o m p o s itio n a l dependence o f  in  
b e ta  p h ase  Cu-Zn-Al i s  a s  fo llo w s
M (K) = 3280 -  8 0 (a t)# Z n  -  1 1 2 ( a t ) # A l____ . . . . .  E q u a tio n  18.
T h is  e q u a t io n  i s  o n ly  d e s ig n e d  f o r  sm a ll alum inium  a d d i t io n s ,
how ever f u r t h e r  in fo rm a tio n  i s  a v a i la b l e  f o r  a l lo y s  c o n ta in in g  l a r g e r
am ounts o f  alum inium . D uring  th e  co u rse  o f  a  s t r u c t u r a l  i n v e s t i g a t i o n
o f  Cu-Zn-A l m a r te n s i te ,  th e  te m p e ra tu re s  o f  numerous a l l o y s  have been
d e te rm in e d  and a  l i n e  on th e  te r n a r y  c o n s t i t u t i o n  d iagram  c o n s tr u c te d
c o rre sp o n d in g  to  M = 273& (0° C ) ^ ^ .  T h is  r e s u l t  i s  p l o t t e d  i n  F ig u re  11s
a lo n g  w ith  th e  l i n e  c o rre sp o n d in g  to  M = 273K (0°C) a s  d e f in e d  bys
E q u a tio n  18. The co m p o sitio n s  and M te m p e ra tu re s  o f  o th e r  in d iv id u a ls
( 1 ij. 102)
a l lo y s  have been  p u b lis h e d  ’ and  some o f  th e s e  M te m p e ra tu re ss
have been  n o rm a lise d  to  M = 273& (0°C) u s in g  th e  s im p l i f y in g  a ssu m p tio ns
d e r iv e d  d i r e c t l y  from E q u a tio n  18 t h a t  a  l ( a t ) ^  in c r e a s e  i n  z in c  c o n te n t
e le v a te s  th e  M te m p e ra tu re  by 80K. These r e s u l t s  a re  p l o t t e d  in  s  *
F ig u re  11 and t h e i r  s ig n i f i c a n c e  i s  d is c u s s e d  f u r t h e r  i n  C h a p te r  6 .
The change i n  M te m p e ra tu re  w ith  co m p o sitio n  in  n o b le  m e ta l b e ta  s
p h a se s  h a s  been  d is c u s s e d  in  th e  fo llo w in g  te rm s : -
1. C hem ical Or d e r in g  .
2 . E le c t r o n  C o n c e n tra t io n ^ ^ ,
3 . A tomic S i z e ^ ^ .
*f. I o n ic  S i z e ^ ^ .
3* E l e c t r o n e g a t i v i t y ^ ^ .
These v a r io u s  f a c t o r s  have been  c o n s id e re d  i n  a  s e r i e s  o f  
Au-Zn b a se d  t e r n a r y  b e ta  p h a se s  and i t  h a s  been  co n cluded  t h a t  no one 
f a c t o r  c o n t ro l s  th e  Ms te m p e ra tu re ^ 0 0 \  A s im i la r  c o n c lu s io n  h a s
(71 72 )been  re a c h e d  f o r  Cu-Zn-X te r n a r y  a l lo y s  5' . More r e c e n t  work
h a s  e s t a b l i s h e d  t h a t  i n  A l, S i  and  Sn t e r n a r y  b r a s s e s  th e  t e t r a g o n a l i t y
( 101)o f  th e  m a r te n s i te  l a t t i c e  i s  a  f u n c t io n  o f  th e  s o lu te  c o n c e n tra tio n
By u s in g  known r e l a t i o n s h i p s  betw een c o m p o sitio n  and M te m p e ra tu re ,  as
l i n e a r  r e l a t i o n s h i p  betw een m a r te n s i te  t e t r a g o n a l i t y  and M te m p e ra tu res
h a s  been  found . . T h is  em phasises th e  im p o rtan ce  o f  chem ica l o rd e r  
i n  d e te rm in in g  th e  M te m p e ra tu re ; s in c e  th e  t e t r a g o n a l  d i s t o r t i o n
s  i
(91 )r e s u l t s  d i r e c t l y  from th e  o rd e r  i n h e r i t e d  by th e  m a r te n s i te
3 .3  M a r te n s ite  n u c le a t io n
Most o f  th e  work co n cern ed  w ith  m a r te n s i te  n u c le a t io n  h a s  been  
in  n o n - th e rm o e la s t ic  f e r r o u s  sy s te m s . A lthough  t h i s  i s  n o t  d i r e c t l y  
an a lo g o u s  to  b e ta  p h ase  n u c le a t io n  b e h a v io u r , some o f  th e  g e n e ra l  
c o n c lu s io n s  a r e  a p p l ic a b le  i n  b o th  c a s e s ^ ^ * ^ .
S im ple c a l c u la t io n s  in d i c a te  t h a t  m a r te n s i te  n u c le i  can n o t be
form ed by random f lu c t u a t i o n s  in  a  d e f e c t  f r e e  r e g io n  o f  th e  p a r e n t  
( 10*0p h ase  . I t  i s  th e r e f o r e  g e n e r a l ly  co n c lu d ed  t h a t  n u c le a t io n  m ust 
be c a ta ly s e d  in  some way by making u se  o f  e x i s t i n g  d e f e c ts  and  s t r a i n  
f i e l d s .  In d e e d  th e  h e te ro g e n e o u s  n a tu re  o f  th e  p ro c e s s  i s  h ig h l ig h te d  
by th e  ab sence  o f  th e  e x p e c te d  m a r t e n s i t i c  t r a n s fo rm a t io n  i n  some 
sm a ll 'd e f e c t  f r e e '  p a r t i c l e s  o f  a u s t e n i t e  ^ ■^la s  th e r e f o r e  been
P op’s  E q u a tio n
10pCu
F ig u re  11. The Cu-Zn-Al c o n s t i t u t i o n  diagram  i l l u s t r a t i n g  th e  l o c a t io n
o f  th e  M = 273K (0°C) l i n e  a s  r e p o r te d  by v a r io u s  w o r k e r s ^ ’ ^  ^02)s
p o s tu la t e d  t h a t  n u c le a t io n  i t s e l f  i s  a th e rm a lly  a c t iv a t e d  p ro c e s s  w h i l s t  
any f u r t h e r  grow th ta k e s  p la c e  in  a  d i f f u s io n l e s s  m anner. Such a th e o ry  
r e q u i r e s  th e  p re s e n c e  o f  r a t h e r  l a r g e  embryos above th e  Mg te m p e ra tu re  ^  ,
however no c o n v in c in g  e v id en ce  f o r  th e  p re se n c e  o f  such  embryos h a s  been  
found .
I t  h a s  been  r e c e n t ly  p ro p o se d  t h a t  m a r te n s i te  n u c le a t io n  r e s u l t s  
s im p ly  from  f a u l t i n g  on th e  a u s te n i t e  c lo se  pack ed  p la n e s ,  and , i n  th e  
case  o f  b cc  p a r e n t  p h a s e s ,  from sm a ll d isp la c e m e n ts  w ith in  th e  in h e r e n t ly
( 107)u n s ta b le  (110) p la n e s  . The g e n e ra l  c o n c lu s io n  i s  t h a t  m ost o f  th e
o b se rv e d  m a r te n s i te  n u c le a t io n  e f f e c t s  can be e x p la in e d  by th e  p re s e n c e  o f
fo u r  o r  f iv e  s u i t a b ly  sp aced  l a t t i c e  d i s lo c a t io n s  and  th e s e  d i s lo c a t i o n s
can r e s u l t  from  th e  p a r e n t  p h ase  f a u l t i n g  p r o c e s s e s .  The s p e c i f i c
re q u ire m e n ts  f o r  n u c le a t io n  by t h i s  m ethod have been  c o n s id e re d  f o r  th e
/ o o y
th e rm o e la s t ic  case  by O lson and Cohen . E q u a tio n  19 comes from  t h i s  
work and i l l u s t r a t e s  how v a r io u s  s t r u c t u r a l  f a c t o r s  can in f lu e n c e  th e  
n u c le a t io n  f r e e  en e rg y .
i
A G ^ m;Ms  = - (  + E + )   E q u a tio n  1 9 .
w here: A G f ^ M .  = The en erg y  a s s o c ia te d  w ith  each  f a u l t ,  x
E ,y  = The s t r a i n  and  s u r f a c e  en e rg y  c o n t r ib u t io n s  to  th e  
f a u l t  en e rg y .
n = The number o f  a to m ic  p la n e s  w i th in  th e  f a u l t  em bryo, 
d = . I n te r p l a n a r  s p a c in g .
t  = S hear s t r e s s  n e c e s s a ry  to  move th e  f a u l t  d i s l o c a t i o n s ,  
b = B u rg e rs  v e c to r  o f  th e  t r a n s fo rm a t io n  d i s l o c a t i o n s .
4
Some o f  th e  im p l ic a t io n s  o f  t h i s  E q u a tio n  w i l l  be d is c u s s e d  in
C h ap te r 6 , where an a t te m p t w i l l  be made to- c o r r e l a t e  some o f  th e  o b se rv e d
M s h i f t s  to  some o f  th e  s t r u c t u r a l  f a c t o r s  o u t l in e d  above, s
W a s ile w s k i^ 0 ^  h a s  u sed  a s im i la r  app ro ach  b a se d  on l a t t i c e
v ib r a t i o n s  p r e s e n t  a lo n g  c e r t a i n  d i r e c t io n s  w i th in  th e  l a t t i c e  (p h o n o n s).
He s u g g e s ts  t h a t  a t  M a  phonon p u ls e  can r e s u l t  i n  th e  fo rm a tio n  o f  a
S
l i n e  (o r  r ib b o n )  a r r a y  o f  atom s r e a r ra n g e d  to  form  th e  m a r t e n s i t i c
c o n f ig u ra t io n  w ith  t h e i r  n e a r e s t  n e ig h b o u rs . He a rg u e s  t h a t  th e  g a in  in
en e rg y  o f  th e  system  due to  th e  re a rra n g e m e n t o f  atom s a lo n g  th e  f a u l t
m ust be a t  l e a s t  s u f f i c i e n t  to  com pensate f o r  th e  s t r a i n  en e rg y  ( now
s to r e d  i n  th e  f a u l t ) ,  cau sed  by th e  accom panying volume change. From
(88, 108)
th e s e  c o n s id e r a t io n s  , i t  i s  r e a s o n a b le  to  u se  a  model f o r  m a r te n s i te
n u c le a t io n  i n  w hich th e  n u c le u s  s iz e  i s  n o t  c r i t i c a l .
3.^- M a r te n s i te  s t r u c t u r e
I t  was f i r s t  r e c o g n is e d  by B ain  in  192^ t h a t  a  s im p le  s e t  
o f  movements c o u ld  c o n v e r t an a u s te n s i t e  c r y s t a l  in to  one w ith  
a  m a r t e n s i t i c  s t r u c t u r e .  These movements in c lu d e ; A s h e a r  to  th e  
new s t r u c t u r e , ' a  r o t a t i o n  to  p ro v id e  th e  c o r r e c t  o r i e n t a t i o n a l  
r e l a t i o n s h i p  betw een p a r e n t  and p ro d u c t ,  and some d eg ree  o f  l a t t i c e
in v a r i a n t  s t r a i n  to  p re v e n t  any o v e r a l l . shape change accom panying
i
th e  tr a n s fo rm a tio n .
D e sp ite  th e  b a s ic  s t r u c t u r a l  d i f f e r e n c e s  betw een th e  b cc  to
f e e  (o r  hep ) t r a n s fo rm a tio n  found  in  b e ta  p h a s e s  and th e  f e e  to  body
c e n tre d  te t r a g o n a l  t r a n s fo rm a tio n  common to  f e r r o u s  a l l o y s ,  th e y
can b o th  be g e n e r a l ly  d e s c r ib e d  by th e  s im p le  B ain  m odel o u t l in e d
above. The m ajor d i f f e r e n c e  betw een f e r r o u s - ty p e  m a r te n s i te  and
th e rm o e la s t ic  m a r te n s i te  i s  th e  n a tu re  o f  th e  l a t t i c e  i n v a r i a n t
component o f  th e  t r a n s fo rm a tio n  s t r a i n .  I n  s t e e l s ,  p l a s t i c  d e fo rm a tio n
p la y s  a  m ajo r r o l e ,  however in  th e rm o e la s t ic  m a r te n s i te ,  t h i s
l a t t i c e  i n v a r i a n t  s t r a i n  i s  accommodated by e i t h e r  tw in n in g  o r
( 3 )th e  fo rm a tio n  o f  s ta c k in g  f a u l t s  w ith in  th e  m a r te n s i te  .
3 .^ .1  The s t r u c t u r e  o f  n o b le  m e t a l  m a r t e n s i t e s
The numerous d i f f e r e n t  s t r u c t u r e s  p r e s e n t  in  n o b le  m e ta l m a rten -
(3  78 )s i t e s  have been  rev ie w e d  by W arlim ont who h as  d iv id e d  them in to
two m ajor ty p e s ,  f i r s t l y  th e  b e ta - ty p e  m a r te n s i te  and s e c o n d ly  th e  gamma- 
ty p e . These a re  b a se d  on th e  b a s ic  s t r u c t u r a l  t r a n s i t i o n s  b c c - f c c  and 
bcc-h cp  r e s p e c t iv e l y .
I n  b e ta - ty p e  m a r te n s i te  th e  fe e  s t r u c t u r e  i s  n o t a c t u a l l y  r e a l i s e d
becau se  o f  s ta c k in g  s h i f t s ,  w hich may be c o n s id e re d  a s  e i t h e r  s t r u c t u r a l
c h a r a c t e r i s t i c s  o r  e lem en ts  o f  th e  l a t t i c e  i n v a r i a n t  s t r a i n ;  and  w hich
a re  d i s t r i b u t e d  p e r i o d i c a l l y  w ith in  th e  l a t t i c e .  These lo n g  p e r io d
s ta c k in g  s t r u c t u r e s ,  w hich a re  n o t u n iq u e  to  m a r te n s i te  b u t  have been
(109)
found  a s  e q u i l ib r iu m  p h a se s  in  a l lo y s  such  a s  A l-In -G a  ? may be
(91)d e s c r ib e d  in  te rm s o f  th e  o rth o rh o m b ic  s t r u c t u r e  . The o rd e re d  n a tu re  
o f  th e  p a r e n t  p h ase  i s  r e s p o n s ib le  f o r  th e  o rth o rh o m b ic  d i s t o r t i o n ,  i n  an 
an a lo g o u s manner to  th e  t e t r a g o n a l  d i s t o r t i o n  found  i n  f e r r o u s  m a r te n s i te s .
I n  f a c t  i t  h a s  been  p ro p o se d  t h a t  t h i s  d i s t o r t i o n  may be u se d  a s  a
1 (91 )m easure o f  th e  deg ree  o f  o rd e r  p r e s e n t  w ith in  th e  p a r e n t  p h ase  •
The m ost f r e q u e n t ly  found  s ta c k in g  sequence in  copper b a se d  
m a r te n s i te s  i s  th e  3^ s t r u c t u r e ,  w hich c o n s i s t s  o f  th e  s ta c k in g  ABCBCACAB.
As w e ll  a s  t h i s  JR s t ru c tu re ,/£ h in X L a m e lla e  o f  e i t h e r  f e e  (1R) o r  hep (2H)
/ \  _ 
may e x i s t ,  depending  on th e  co m p o sitio n  o f  th e  a l l o y .  T here w i l l  a l s o
/
i n v a r i a b ly  be e x t r a  s ta c k in g  f a u l t s ,  n o t r e p r e s e n te d  by th e  s t r u c t u r e
\
d e s c r ib e d , e s p e c i a l l y  i n  th e  c a s e s w h e re  b o th  b e ta - ty p e  and  gamma-type
( 55)m a r te n s i te s  have e q u iv a le n t  s t r u c t u r a l  s t a b i l i t y  ^ .
I n  gamma-type m a r te n s i te ,  w hich i s  b a se d  on th e  hep s t r u c t u r e ,  th e  
l a t t i c e  in v a r i a n t  s t r a i n  i s  g e n e r a l ly  accommodated by tw in n in g  and  in  
common w ith  b e ta - ty p e  m a r te n s i te  th e re  may be a h ig h  c o n c e n tr a t io n  o f
(3 )e x t r a  s ta c k in g  f a u l t s ,  n o t r e p r e s e n te d  by th e  hep s t r u c t u r e
The p re se n c e  o f  b o th  ty p e s  o f  m a r te n s i te  h a s  been r e p o r te d  in
( 1 1 0 )a d ja c e n t  g r a in s  o'f a Ag-Al a l l o y .  , v /h i ls t  in  a Cu-Zn a l lo y  (n o rm a lly
b e ta - ty p e )  gamma-type m a r te n s i te  h a s  been  o b se rv e d  a f t e r  e x te n s iv e
( 1 1 1 )p l a s t i c  d e fo rm a tio n  . I n  C u-A l-N i e i t h e r  b e ta - ty p e  o r  gamma-
ty p e  m a r te n s i te  may form , depending  on th e  s t r e s s  c o n d i t io n s  and low
te m p e ra tu re  ag e in g  t r e a tm e n ts .  T h is  a llo w s  th e  s t r u c t u r e s  o f  b o th
(73)m a r te n s i te s  to  be s tu d ie d  in  th e  same a l lo y  .
E le c t r o n ic  c o n s id e ra t io n s  p r e d i c t  a  t r a n s i t i o n  from  fe e  to  hep 
s t r u c t u r e s - w i t h  in c r e a s in g  e l e c t r o n  c o n c e n tr a t io n ,  w hereas a c c o rd in g  to  
D elaey  and  C o r n e l i s ^ ^ ,  th e  s t r u c t u r a l  re q u ire m e n ts  f o r  th e  m a r t e n s i t i c  
t r a n s fo rm a tio n  r e q u i r e  a  d e c re a s in g  amount o f  hep s ta c k in g  w i th ’ in c r e a s in g  
e le c t r o n  c o n c e n tr a t io n .  These c o n f l i c t i n g  in f lu e n c e s  on s t r u c t u r a l  
s t a b i l i t y  make th e  p r e d i c t i o n  o f  th e  m a r te n s i te  s t r u c t u r e  u n d er a  g iv e n  
s e t  o f  c o n d i t io n s  v e ry  d i f f i c u l t .  M oreover, th e  s t r u c t u r e  form ed i s  o f te n  
a v e ry  s e n s i t i v e  f u n c t io n  o f  th e  s t r a i n  env ironm en t w ith in -  a  p a r t i c u l a r  
specim en , a s  w itn e s s e d  by th e  abnorm al s t r u c t u r e s  o f te n  found  i n  s t r e s s
' ( 3 ,7 3  1 10 *1 11 )in d u c ed , s u r f a c e  and t h i n  f i lm  m a r te n s i te s  ’ ’ 5
3«^-«2 The s t r u c t u r e  o f  Cu-Zn and Cu-Zn-A l m a r te n s i te s
The s t r u c t u r e  o f  Cu-Zn m a r te n s i te  h as  o n ly  r e c e n t ly  been  unam big- 
( 112)u o u s ly  d e te rm in e d  . The p red o m in a te  s t r u c t u r e  i s  a  l a m e l l a r  m ix tu re  
o f  th e  com plex s ta c k in g  s h i f t  s t r u c t u r e ,  3R? w ith  th e  f e e  (1R) s t r u c t u r e ,  
to  g iv e  a  3R/1R b e ta - ty p e  m a r te n s i te .  A lso  p r e s e n t  may be a  tw in n ed  
fe e  s t r u c t u r e .  I t  sh o u ld  be n o te d  t h a t  r e c e n t  work h a s  d e te rm in e d  t h a t
m a r te n s i te  s t r u c t u r e  may v a ry  w ith in  w ide l i m i t s ,  even  w ith in  a d ja c e n t
1  - 4 .  t  4.  • 4 .v ,  • ( 110 , 112 )m a r te n s i te  p l a t e s  m  th e  same specim en .
I n  Cu-Zn-Al a l l o y s ,  i n  common w ith  b in a ry  b e ta  b r a s s  a l l o y s ,  th e
re q u ire m e n ts  o f  minimum s t r a i n  energ y  p la y  a  m ajor r o l e  in  d e te rm in in g
(91)th e  m a r te n s i te  s t r u c t u r e  • The p r e d ic te d  v a r i a t i o n  o f  m a r te n s i te
s t r u c t u r e  from s t r a i n  en e rg y  c o n s id e r a t io n s  i s  i l l u s t r a t e d  i n  F ig u re  12. 
T h is  shows t h a t  a t  low alum inium  c o n te n ts ,  a r e a  a , th e  s t r u c t u r e  3R /2H 
i s  fa v o u re d , w h i l s t  a t  h ig h e r  alum inium  c o n te n ts ,  a r e a  b , th e  3R/1R 
s t r u c t u r e  i s  form ed. A lso  p l o t t e d  on F ig u re  12 i s  th e  iso-M s  l i n e  c o r r ­
esp o n d in g  to  27j?K (0°C) ta k e n  from  F ig u re  11.
The m a r te n s i te  p h a se , w hich i n  th e  case  o f  b e ta - ty p e  m a r te n s i te  
may be c o n s id e re d  a s  f a u l t e d  a lp h a , i n h e r i t s  chem ica l o rd e r  from  th e
p a r e n t  b e ta  p h a s e . We s h a l l  th e r e f o r e  b r i e f l y  c o n s id e r  th e  o rd e r in g
* * ' ? 
te n d e n c ie s  o f  a lp h a  b r a s s  ty p e  a l l o y s .  Some s h o r t  ran g e  o rd e r in g  h a s
been  d e te c te d  in  b o th  a lp h a  b r a s s  and th e  an a lo g o u s  Ag-Zn and  Au-Zn 
(7 )sy stem s . F o r th e  case  o f  a lp h a  b r a s s  th e  o rd e r in g  te n d e n c ie s  te n d  to  
be c e n tr e d  ab o u t th e  c o m p o sitio n  Cu_Zn, how ever no in fo rm a tio n  i s  
a v a i la b l e  co n c e rn in g  th e  o rd e r in g  b e h a v io u r o f  a lp h a  p h ase  a l lo y s  h av in g  
c o m p o sitio n s  s im i la r  to  th e  b e ta  p h a se s  w hich e x h i b i t  m a r t e n s i t i c  
t r a n s f o r m a t io n s .
The m a r te n s i te  form ed from th e  b e ta  p h ase  i s  g e n e r a l ly  c o n s id e re d  
i n  te rm s o f  th e  o rth o rh o m b ic  s t r u c t u r e  and  th e  r e l e v a n t  d i s t o r t i o n s  
may be exam ined by X -ray  d i f f r a c t i o n  t e c h n i q u e s '^ .  F ig u re  13 i l l u s t r a t e s  
a s m a ll  r e g io n  o f  a  t y p i c a l  d if f r a c to g ra m  f o r  Cu-Zn-A l m a r te n s i te .  The
p eak  s e p a r a t io n  betw een  ©2  and© ^ (c o rre sp o n d in g  to  th e  ( 122 ) and  ( 202 )
/
r e f l e c t i o n s  r e s p e c t iv e ly )  may*be u se d  to  d e te rm in e  th e  a x i a l  r a t i o  o f  th e
\ * 
c lo se  packed  l a t t i c e .  The fo llo w in g  e q u a t io n  h a s  been  fo rm u la te d
  (9 1 )
to  d e te rm in e  th e  c / a  r a t i o  from th e  r e l e v a n t  peak  s e p a r a t io n  d a ta  :
<t> = ! _  * 2 /5  ( 3 /(1  + 2 ^ 2 ) -1 ) ...............E q u a tio n  20.
2a 2
2 2 w here: ct> = s i n  © ^ -  s in  ~© 2 '
vp = th e  c /a  r a t i o  o f  th e  m a r t e n s i te .
A = w ave len g th  o f  th e  X -ra y s .
a  = th e  a lp h a  p h ase  l a t t i c e  p a ra m e te r  e x t r a p o la te d  
from e q u i l ib r iu m  d a ta .
3 0
3 R
3R/1R
Ca 3 0
F ig u re  12. The d i f f e r e n t  s ta c k in g  v a r i a n t s  found  i n  Cu-Zn-Al m a r te n s i te ,
(91)a s  c a lc u la te d  by D elaey  .
F ig u re  13 . A sm a ll r e g io n  o f  a  Cu-Zn-Al m a r te n s i te  d i f f r a c t o g r a n / '^
r 
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TEMPERATURE <*C)
F ig u re  14. The p e rc e n ta g e  t r a n s fo rm a tio n  v e rs u s  te m p e ra tu re  cu rve  f o r
( 115)th e  m a r t e n s i t i c  t r a n s fo rm a t io n  in  b e ta  b r a s s  .
3 .4 .2  The m ic r o s t r u c tu r e  o f  th e rm o e la s t ic  m a r te n s i te
On c o o lin g  b in a ry  and  te r n a r y  b e ta  p h ase  a l lo y s  o f  s u i t a b l e
c o m p o s itio n s , m a r te n s i te  form s a t  th e  Mg te m p e ra tu re  in  th e  form  o f
s e l f  accom m odating g roups o f  z ig -z a g  p l a t e s .  D uring  f u r t h e r  c o o l in g ,
th e s e  p l a t e s  c o n tin u e  to  grow u n t i l  a t  a l l  th e  p a r e n t  p h ase  i s  
(114)consumed . These g ro u p s o f  p l a t e s  have been  c a l l e d  ’b u r s t - t y p e 1
by Pops and  M a s s a l s k i ^ ^ , a lth o u g h  i t  h a s  b e e n 'p o in te d  o u t  by Wayman
and  h i s  co -w o rk ers  t h a t  th e  absence  o f  r e s i s t i v i t y  d i s c o n t i n u i t i e s  on
c o o lin g  th ro u g h  th e  t r a n s fo rm a tio n  ran g e  d e m o n s tra te s  t h a t  th e  tr a n s fo rm -
0 1 4 )a t io n  i s  in  f a c t  f u l l y  th e rm o e la s t ic  . T h is  c o n fu s io n  a ro s e  from 
o b s e rv a t io n s  o f  a  n e e d le - l i k e  p ro d u c t a t  te m p e ra tu re s  above M^, w hich 
was found  to  e x h ib i t  v e ry  slow  grow th  k i n e t i c s  in  c o n t r a s t  to  th e  v e ry  
r a p id  t r a n s fo rm a tio n  a t  th e  Mg t e m p e r a t u r e I t  h a s  now been  e s ta b l i s h e d  
t h a t  t h i s  i n i t i a l - n e e d i e - l i k e  p ro d u c t form s a s  th e  r e s u l t  o f  e i t h e r  
th e  s u r f a c e  p r e p a r a t io n  p ro c e d u re  o r  th e  p re se n c e  o f  quench ing  s t r a i n s ;
(114)
and i s  n o t t r u l y  r e p r e s e n t a t iv e  o f  th e  th e rm o e la s t ic  t r a n s fo rm a t io n
T here a re  24 m a r te n s i te  v a r i a n t s  p o s s ib le  i n  th e  t r a n s fo rm a t io n
from  b e ta  p h ase  to  m a r te n s i te  and p re v io u s  work h a s  d e te c te d  th e  p re s e n c e
(114)o f  a l l  th e s e  v a r i a n t s  w i th in  one b e ta  p h ase  g r a in  . Each group o f  
m a r te n s i te  p l a t e s  w hich form s a t  th e  M ^ te m p e ra tu re  i s  g e n e r a l ly  b u i l t  up
o f  tw o, fo u r  o r  s i x  m a r te n s i te  v a r i a n t s ^ 0 ) and  th e s e  v a r i a n t s  have been
shown to  have (2  11 12 ) ty p e  h a b i t  p la n e s  lo c a te d  a ro u n d  a  common ( 110 ) 
b e ta  p h ase  p o l e ^ " 1^ .
On h e a t in g  a  m a r t e n s i t i c  a l lo y ,  th e  r e v e r s io n  o f  th e  m a r te n s i te  
p h ase  o c c u rs  in  th e  r e v e r s e  sequence o f  i t s  o r i g i n a l  fo rm a tio n . T hat 
i s  to  s a y , th e  f i r s t  m a r te n s i te  p l a t e s  to  form  on c o o l in g  a re  th e  l a s t  
to  d is a p p e a r  on h e a t in g .  A lthough  some m ic r o s t r u c tu r a l  changes have b een
d e te c te d  betw een th e  f i r s t  and second  th e rm a l c y c le  in  th e  ca se  o f  Cu-Zn-A l
ersi<
( 87 )
b e ta  p h a se s  im m ed ia te ly  a f t e r  q u e n c h i n g ^ ^  ? th e  fo rm a tio n  and  r e v s io n
sequence i s  re p ro d u c e d  e x a c t ly  d u rin g  any su b se q u e n t th e rm a l c y c le
3 . 5  The g r o w th  an d  r e v e r s i o n  o f  m a r t e n s i t e
F o r th e  p u rp o se s  o f  t h i s  s e c t io n  we s h a l l  fo llo w  W as ile w sk i’ s 
( 108)app roach  and d is r e g a r d  th e  c l a s s i c a l  d iv i s io n  betw een n u c le a t io n
and grow th and  r e g a r d  them as  e s s e n t i a l l y  d i f f e r e n t  s ta g e s  i n  th e  same 
p ro c e s s .
The m a r te n s i te  grow th p ro c e s s  i s  g o verned  by th e  b a la n c e  o f
chem ica l d r iv in g  f o r c e s  f o r  t r a n s fo rm a t io n  a g a in s t  th e  e l a s t i c  and
f r i c t i o n a l  f o r c e s  p re v e n t in g  t r a n s f o r m a t io n .  The grow th  o f  m a r te n s i te
may be a c h ie v e d  by e i t h e r  lo w e r in g  th e  te m p e ra tu re  below  M o r  by  a p p ly in g4 s
a  s t r e s s .  The p e rc e n ta g e  t r a n s fo rm a t io n  v e rs u s  te m p e ra tu re  c u rv e , i n
th e  ab sen ce  o f  a p p l ie d  s t r e s s  i s  i l l u s t r a t e d  in  F ig u re  14 f o r  b o th  th e
( t *1 3 Vfo rw ard  and r e v e r s e  t r a n s fo rm a tio n s
On a p p ly in g  a  s t r e s s  to  th e  p a r e n t  p h ase  a t  te m p e ra tu re s  j u s t  
above th e  M te m p e ra tu re ,  any shape change i s  accommodated by means o f .  
th e  fo rm a tio n  o f  fa v o u ra b ly  o r i e n t e d  s t r e s s  in d u c ed  m a r te n s i te  p l a t e s .
On r e l e a s e  o f  th e  a p p l ie d  s t r e s s ,  th e  f o r c e s  r e s i s t i n g  t r a n s f o r m a t io n  
exceed  th e  d r iv in g  f o r c e s  f o r  t r a n s fo rm a t io n ,  th e  s t r e s s  in d u c e d  m a r te n s i te  
p l a t e s  r e t r e a t ,  and any shape change i s  re c o v e re d .
The en e rg y  b a la n c e  f o r  th e rm o e la s t ic  e q u i l ib r iu m
The en erg y  te rm s f o r  th e  grow th and  r e v e r s io n  o f  a  m a r te n s i te
/  .
p l a t e  have been  fo rm u la te d  i n  c lo se  an a lo g y  to  e l a s t i c  tw in n in g  by a  
number o f  w o r k e r s ^ . An lexample o f  th e  b a s ic  en e rg y  b a la n c e  
e q u a t io n  f o r  a  m a r te n s i te  p l a t e  i n  th e rm o e la s t ic  e q u i l ib r iu m  i s  g iv e n  
b e lo „ (8 7> :_  .. ■ ^
y  ( fo rw a rd  t r a n s fo rm a tio n )
A G ^ d V  + a  c dV = o. z dV + y  dA + dV . . . .  E q u a tio n  21 .a  m r -_. 1 m 1 m 0 m —3------------------
^  ( r e v e r s io n  o f  m a r te n s i te )
w here: = The chem ica l f r e e  en erg y  d if f e r e n c e  betw een th e  two
p h a s e s ,  p e r  u n i t  volume tra n s fo rm e d . I n  th e  p r e s e n t
work we a r e  u s in g  th e  c o n v en tio n  t h a t  p*m r e p r e s e n t s
p a r e n t* m a r te n s i te  and n o t p ro d u c t♦ m a tr ix . 
cra  £m = The work done by an a p p l ie d  s t r e s s ,  p e r  u n i t  volume 
tra n s fo rm e d .
£m = The t r a n s fo rm a t io n  s t r a i n  en e rg y , p e r  u n i t  volume 
tra n s fo rm e d .
£ £ = I r r e c o v e r a b le  work done d u r in g  th e  t r a n s fo rm a tio n
- ( f r i c t i o n  e t c . ) ,  p e r  u n i t  volume tra n s fo rm e d .
dA = In c re m e n ta l in c re a s e  in  i n t e r f a c i a l  a r e a .
dV = I n c re a s e  i n  th e  volume o f  th e  p ro d u c t p h a se .
2?tn ~  I n t e r f a c i a l  energy  betw een th e  p h ases .
The q u a n t i t a t iv e  a p p l i c a t io n  o f  E q u a tio n  21 i s  v e ry  d i f f i c u l t ,
f i r s t l y  b ecau se  i t  i s  n o t  c l e a r ly  u n d e rs to o d  how e a c h -o f  th e  te rm s
v a ry  a s  a  f u n c t io n  o f  te m p e ra tu re , and se c o n d ly  th e  mechanism by w hich
m a r te n s i te  can accommodate l a r g e  s t r a i n s  h a s  n o t been  unam biguously
e s ta b l i s h e d .  I n  o rd e r  to  u n d e rs ta n d  f u r t h e r  th e  b a la n c e  o f  f o r c e s ,  a s
r e p r e s e n te d  i n  E quation  21, each  te rm  w i l l  be c o n s id e re d  s e p a r a t e ly .
AGP**01 C hem ical te rm
A t a  p a r t i c u l a r  te m p e ra tu re j^ ^ ^ y -~ t]^  f r e e  e n e rg ie s  o f  th e
m a r te n s i te  and b e ta  p h a se s  a re  e q u a l;  on c o o lin g  below  t h i s  te m p e ra tu re ,  
an  u n d e rc o o lin g  o f  (T -  M ) i s /n e c e s s a r y  to  p ro v id e  s u f f i c i e n t  d r iv in gO S  |
\fo rc e  f o r  th e  t r a n s fo rm a t io n .  S in ce  th e r e  i s  a  s i g n i f i c a n t  c o n t r ib u t io n
\
to  th e  en erg y  c o n te n t o f  th e  m a r te n s i te  from  n o n -ch em ica l te rm s , th e
m ost im p o r ta n t o f  w hich i s  th e  e l a s t i c  s t r a i n  e n e rg y , i t  i s  n e c e s s a ry
to  d ec id e  w hether th e  m a r te n s i te  f r e e  en e rg y  in c lu d e s  th e  n o n -ch em ica l
te rm s , a s  t h i s  w i l l  have a  s i g n i f i c a n t  in f lu e n c e  upon th e  n u m e ric a l
•value o f  T ^8 8 ) . o
T here h a s  been  c o n s id e ra b le  r e c e n t  d is c u s s io n  co n c e rn in g  th e
(10^-)d e f i n i t i o n  o f  TQ» C le a r ly  th e  a p p ro x im a tio n  o f  Kaufman and  Cohen
t h a t  Trt = J(M + A ) j does n o t a p p ly  to  th e rm o e la s t ic  t r a n s f o r m a t io n s ,  in  °  s  s
(117 118 )w hich  As  i s  o f te n  below  M . Tong and  Wayman ’ have p ro p o se d  th e  
fo llo w in g  d e f i n i t i o n  a s  a  re a s o n a b le  a p p ro x im a tio n  o f  ^0 : -
Tq = -J(A^ + M ) ........................ E q u a tio n  22.
/ 88 *1 }However a more r ig o r o u s  ap p ro ach  by O lson and  Cohen ’ y ie ld s
th e  r e s u l t  t h a t  t h i s  ty p e  o f  t r a n s fo rm a t io n  i s  n o t  am enable to  su ch  a  
t i g h t  d e f i n i t i o n  o f  T . These a u th o rs  ad m it t h a t  th e r e  may be s p e c i a l  
c a se s  i n  Which E q u a tio n  22 i s  v a l id ,  n e v e r th e le s s  t h e i r  g e n e ra l  c o n c lu s io n  
i s  t h a t  T^ i s  o f te n  g r e a t e r  th a n  A^. T h is  i s  a  s u r p r i s in g  r e s u l t  and 
i t  h ig h l ig h t s  th e  im p o rtan ce  o f  e l a s t i c  d r iv in g  f o r c e s  d u r in g  th e  r e v e r s io n  
p r o c e s s .
A t M th e  d r iv in g  fo rc e  f o r  t r a n s f o r m a t io n ,  in  th e  ab sen ce  o f  s  ,
a p p l ie d  s t r e s s ,  i s  g iv e n  by I f  t h i s  i s  s u b s t i t u t e d  in to
E q u a tio n  19 th e  s t r u c t u r a l  re q u ire m e n ts  f o r  t r a n s fo rm a t io n  a s  d i c t a t e d
! (88) m . _ by th e  ’f a u l t  embryo m odel’ f o r  n u c le a t io n  may be o b ta in e d  • t y p i c a l
v a lu e s  f o r  t h i s  d r iv in g  fo rc e  a re  g iv e n  in  T a b le .3  a lo n g  w ith  o th e r
Arrp*m
therm odynam ic q u a n t i t i e s ,  in c lu d in g ;  th e  t r a n s fo rm a t io n  e n th a lp y  ,
th e  e n tro p y  d i f f e r e n c e  betw een  th e  tw o^phases AS^*^11, th e  th e rm a l
h y s t e r e s i s  o f  th e  t r a n s fo rm a tio n  7(A^ -  M^) and th e  r e l e v a n t  Tq te m p e ra -
(if) !
t u r e s  . From t h i s  t a b le  i t  i s  a p p a re n t t h a t  th e  ch em ica l d r iv in g
fo rc e  a t  M , A G ^^jM  , f o r  f e r r o u s  m a r te n s i te s  i s  more th a n  600J mol s  s  x
_1x ..
w h i l s t  v a lu e s  l e s s  th a n  10J  mol have been  d e te rm in e d  f o r  th e r m o e la s t ic
t r a n s f o r m a t io n s .  The low v a lu e s  i n  th e  th e rm o e la s t ic  case  p ro b a b ly  r e s u l t  
from  th e  t r a n s fo rm a tio n  mechanism w hich*does n o t r e q u i r e  m i s f i t  accommod­
a t io n  by means o f  p l a s t i c  d e fo rm a tio n , b u t  by tw in n in g  o r  th e  fo rm a tio n
( I f )
o f  s ta c k in g  f a u l t s  w ith in - th e  m a r te n s i te
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g a c m A p p lie d  s t r e s s  term
S t r e s s  can a ls o  a c t  a s  a  d r iv in g  fo rc e  f o r  t r a n s fo rm a t io n  and 
t h i s  i s  shown i n  E q u a tio n  21. I f  we r e tu r n  to  F ig u re  9 5 th e  a r e a  u n d er 
th e  s t r e s s - s t r a i n  cu rve betw een A and B r e p r e s e n t s  th e  work r e q u i r e d  to  
form  th e  f i r s t  m a r te n s i te  p l a t e s .  On f u r t h e r  s t r e s s i n g ,  m a r te n s i te  
c o n tin u e s  to  form  u n t i l  a t  C th e  s t r u c t u r e  i s  f u l l y  m a r t e n s i t i c .  The 
ran g e  o f  s t r e s s e s  betw een B and C i s  d i r e c t l y  an a lo g o u s  to  th e  Mg -  
ran g e  found  i n  th e  ab sence  o f  s t r e s s ;  and  th e  work done d u r in g  th e  
s t r e s s  in d u c ed  t r a n s fo rm a tio n  may be found  by c o n s id e r in g  th e  a r e a  u n d er 
th e  s t r e s s - s t r a i n  curve betw een B and  C. S in ce  in  th e  p r e s e n t  work we a re  
c o n s id e r in g  th e  m a r t e n s i t i c  ' t r a n s fo rm a tio n  in  th e  absence  o f  s t r e s s ,  we 
need  n o t  c o n s id e r  t h i s  term.^ in  any f u r t h e r  d e t a i l .
g  i  £ m T ra n s fo rm a tio n  s t r a i n  en e rg y
The m a r te n s i t i c .  t r a n s fo rm a t io n  p ro c e e d s  a s  th e  ch em ica l and
m ech an ica l f o r c e s  overcome th e  e l a s t i c  s t r a i n  f i e l d s  a s s o c ia t e d  w ith
each  m a r te n s i te  p l a t e .  I t  i s  t h i s  s t r a i n  en e rg y  w hich e n s u re s  t h a t
th e  m a r te n s i te  p l a t e s  tra n s fo rm  back  to  th e  b e ta  p h ase  in  th e  r e v e r s e
( 88 )sequence o f  t h e i r  o r i g i n a l  fo rm a tio n  . T h is  te rm  w i l l  be a t  a  minimum 
in  th e  case  w here th e r e  i s  no a p p l ie d  s t r e s s 's i n c e  th e  a p p l i c a t i o n  o f  
s t r e s s  w i l l  encou rage  th e  fo rm atio : 0 ’ o n s ite  v a r i a n t s  o th e r  th a n
th o s e  n e c e s s a ry  to  f u l f i l  th e  minimum s t r a i n  en e rg y  re q u ire m e n ts  f o r  
t r a n s fo rm a t io n .  As w e ll  a s  th e /p u r e ly  e l a s t i c  e n e rg y , in c lu d e d  i n  t h i s
c a p a b le  o f  d is a p p e a r in g  and  fo rm ing  d u rin g  th e  co u rse  o f  a  t r a n s fo rm a tio n ' 
r e v e r s io n  c y c le .
Any r e l a x a t i o n  o f  th e  e l a s t i c  s t r a i n - f i e l d s  o r  d i s r u p t io n  o f  th e  
s ta c k in g  f a u l t  s t r u c t u r e  w hich r e s u l t s  from  th e  p re s e n c e  o f  th e rm a l ly
te rm  i s  a l s o  th e  en erg y  o f  th e  s ta c k in g  f a u l t s  p r e s e n t  w i th in  th e  
m a r te n s i te  p l a t e s .  A ccord ing  to xD e l a e y ^ ^  th e s e  s ta c k in g  f a u l t s  a r e
a c t iv a t e d  p ro c e s s e s  m ust i n t e r f e r e  w ith  th e  r e v e r s i b i l i t y  o f  th e  m a r te n s i te
( 8 8 )
£ c m I r r e v e r s i b l e  w ork  done d u r in g  t h e  t r a n s f o r m a t io n
I t  i s  t h i s  te rm  w hich a c c o u n ts  f o r  th e  en e rg y  n e c e s s a ry  to  
p ro d u ce  th e  a to m ic  movements r e q u i r e d  f o r  th e  t r a n s fo rm a t io n .  T h is  
in c lu d e s  a l l  th e  f r i c t i o n a l  f o r c e s  a s s o c ia t e d  w ith  th e  p a s sa g e  o f  m a rt­
e n s i t e  i n t e r f a c e s  th ro u g h  d i s lo c a t io n  n e tw o rk s , a n t ip h a s e  domain 
b o u n d a r ie s , n o n -m e ta l l ic  in c lu s io n s  and  even , i n  some c a s e s ,  g r a in  
b o u n d a r i e s J t  i s  t h i s  f r i c t i o n a l  en e rg y  w hich p ro d u c e s  th e  th e rm a l 
and m e ch an ic a l .h y s t e r e s i s  betw een  th e  fo rw a rd  and r e v e r s e  t r a n s fo rm a -  
t i o n ^ ^ ^  and a s  i t s  v a lu e  in c r e a s e s ,  r e v e r s i b i l i t y  i s  im p a ire d  and 
e v e n tu a l ly  su p p re s se d  c o m p le te ly . T h is  te rm  a l s o  d e te rm in e s  w h eth er 
e l a s t i c  e q u i l ib r iu m  p r e v a i l s  in  th e  grow th  and r e v e r s io n  p r o c e s s e s ;  o r  
a  s to p p ag e  o f  th e  moving i n t e r f a c e s  i s  p ro d u ced  by th e  f r i c t i o n a l  f o r c e s  
and 1 b u r s t '  ty p e  grow th  o r  r e v e r s io n  i s  o b ta in e d .  The te m p e ra tu re  a t
w hich th e  Shape Memory E f f e c t  (SME) ta k e s  o v er from  th e  S u p e r e la s t i c
(127i)E f f e c t  i s  a l s o  dependen t upon t h i s  f r i c t i o n a l  te rm  .
Ym I n t e r f a c i a l  en erg y  betw een  th e  two p h a se s
I n  c o n t r a s t  to  f e r r o u s  m a r te n s i te s ,  in  th e rm o e la s t ic  tr a n s fo rm ­
a t io n s  th e  i n t e r f a c i a l  en e rg y  betw een th e  p h a se s  i s  v e ry  s m a l l .  A
-1 (87)v a lu e  o f  o n ly  0 .21  J  mol h a s  been  q u o ted  by D elaey  f o r  th e  t r a n s ­
fo rm a tio n  i n  a  t y p i c a l  Cu-Zn-Al a l lo y -r^ iE f '^ th e  p e r f e c t io n  o f  th e  i n t e r ­
f a c e s  i s  d is tu rb e d ,  e i t h e r  by p l a s t i c  d e fo rm a tio n  o r  th e  p re s e n c e  o f  a  
th e rm a lly  a c t iv a t e d  p r o c e s s ,  t h i s  te rm  may in c r e a s e  in  v a lu e  su ch  a s  to
I /  Q O \
r e n d e r  th e  m a r te n s i te  i r r e v e r s i b l e  .
\
'V
3 .6  M a r te n s ite  t r a n s fo rm a tio n  te m p e ra tu re  s h i f t s
Any change in  th e  M te m p e ra tu re  f o r  a  p a r t i c u l a r  a l l o y  c o m p o sitio n  
can be e x p la in e d  by e i t h e r ;  a  s h i f t  i n  th e  T te m p e ra tu re  a s  th e  r e s u l t  
o f  a change in  th e  r e l a t i v e  chem ica l s t a b i l i t y  o f  th e  two p h a s e s ,  o r  
a  change i n  th e  ch em ica l d r iv in g  fo rc e  n e c e s s a ry  f o r  m a r te n s i te  n u c le a t io n
( A G ^ j M  i n  E q u a tio n  19 ) .  I n  many c a se s  i t  i s  n o t  im m ed ia te ly  a p p a re n t  s
w hether th e  v a r io u s  f a c t o r s  w hich have been  shown to  in f lu e n c e  Ms
te m p e ra tu re s ,  and  w hich a re  l i s t e d  below , in f lu e n c e  th e  chem ica l 
s t a b i l i t y  o f  th e  r e l e v a n t  p h a se s  o r  th e  u n d e rc o o lin g  below  Tq n e c e s s a ry  
f o r  n u c le a t io n  to  ta k e  p la c e .
F a c to rs  w hich may in f lu e n c e  m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re s
1. P re se n c e  o f  a  second  p h ase  (63?12^f).
2 . C o m p o s itio n a l changes due to  h e a t  t r e a tm e n t ( 65 ) .
3 . D egree o f  lo n g  ran g e  o rd e r  (65?6*f,75) •
A n tip h a se  domain grow th ( 6 ^ ,8 ) .
5 . P a re n t  p h ase  g r a in  s iz e  (7-7* 1 2 5 ).
6 . Q uenched-in  th e rm a l v a c a n c ie s  ( 23 ) .
7 . P re se n c e  o f  an om ega-type p h ase  (1 2 ,2 3 ) .
8 . . N eu tro n  i r r a d i a t i o n  ( 126 ) .
9 . P l a s t i c  d e fo rm a tio n  o f  p a r e n t  p h ase  (9 3 ?1 2 7 ).
10. Q uenching s t r e s s e s ■(128).
11 . Eoom te m p e ra tu re  ageing: ( 75 ?6^ , 65 ) .
12 . Therm al c y c l in g  (1 2 9 ) . '
The re m a in d e r o f  t h i s  s e c t io n  i s  co n ce rn ed  w ith  n o b le  m e ta l 
m a rte n s itic  t r a n s fo rm a t io n s  in  g e n e r a l^ - w h i l s t  th e  b e h a v io u r  o f  Cu-Zn
and Cu-Zn-A l t r a n s fo rm a tio n s  in  p a r t i c u l a r  a re  c o n s id e re d  i n  f u r t h e r
/
s e c t io n s .  _ f
Any b e ta  p h ase  c o m p o s itio n a l changes w hich r e s u l t  from  e i t h e r
\
th e  p r e c i p i t a t i o n  o f  an  e q u il ib r iu m  p h ase  d u r in g  o r  a f t e r  qu en ch in g , 
o r / t h e  l o s s  o f  one o f  th e  a l lo y in g  e le m e n ts  due to  v o l a t i l i s a t i o n  a t  
th e  s o lu t io n  t r e a tm e n t te m p e ra tu re  (eg  d e z i n c i f i c a t i o n  i n  b r a s s )  w i l l  
be r e f l e c t e d  in  th e  c h a r a c t e r i s t i c  t r a n s fo rm a t io n  te m p e ra tu re s  i n  th e  
manner a l re a d y  o u t l in e d  in  S e c t io n  3*2. F in e  e q u i l ib r iu m  p r e c i p i t a t e s ,
( 26 ) 1such  a s  th e  b a i n i t i c  p ro d u c t found  in  b e ta  b r a s s  ’ a s  w e ll  a s
p ro d u c in g  sm a ll c o m p o s itio n a l changes i n  th e  b e ta  p h a se , w i l l  a l s o
p r e s e n t  m ajor b a r r i e r s  to  th e  m otion  o f  m ob ile  i n t e r f a c e s .  T h is  w i l l  
h in d e r  b o th  th e  grow th and  r e v e r s io n  p ro c e s s e s  by ad d in g  an  e x t r a
A ll  n o b le  m e ta l b e ta  p h a se s  a re  o rd e re d  a t  low te m p e ra tu re s  and 
th e  r a t e  a t  w hich a specim en i s  c o o led  th ro u g h  th e  o rd e r in g  ran g e  
in f lu e n c e s  b o th  th e  a n t ip h a s e  domain s i z e  and to  a  s m a l le r  e x te n t  th e
d eg ree  o f  p a r e n t  p hase  o rd e r  may a l t e r  e i t h e r  th e  r e l a t i v e  ch em ica l 
s t a b i l i t y  o f  th e  two p h a se s  o r  th e  m a r te n s i te  n u c le a t io n  k i n e t i c s ,  how ever
th e r e  i s  a s u r p r i s in g  la c k  o f  in fo rm a tio n  a v a i la b l e  on t h i s  s u b je c t .
I n  c o n t r a s t  to  f e r r o u s  m a r t e n s i t i c  t r a n s fo rm a t io n s ,  i n  th e rm o e la s t ic
a l lo y s  th e  p a r e n t  p h ase  g r a in  s i z e  i s  n o t a  s i g n i f i c a n t  f a c t o r  in
(77)d e te rm in in g  th e  m a r t e n s i t i c  t r a n s fo rm a t io n  te m p e ra tu re s  . T h is  i s  
p ro b a b ly  due to  th e  a p p a re n t abundance o f  n u c le a t io n  s i t e s  and  th e  
r e l a t i v e l y  sm a ll n u c le a t io n  f r e e  e n e rg y , , w hich i s  n e c e s s a ry
i  s
f o r  t r a n s fo rm a t io n .
Work on th e  Au-Zn m a r t e n s i t i c  t r a n s fo rm a tio n  h a s  d e m o n stra te d  
t h a t  c o o lin g  r a t e  h a s  a  c o n s id e ra b le  in f lu e n c e  on th e  t r a n s f o r m a t io n  
t e m p e r a t u r e s ^ . I n  t h i s  c a s e /a s -^ u ^ n c h e d  specim ens ap p e a r  to  e x h i b i t
c o n s id e ra b ly  h ig h e r  M te m p e ra tu re s  th a n  a n n e a le d  ones and  t h i s  phenomenon
S  {
By th e  v e ry  n a tu re  o f  th e  th e rm o e la s t ic  t r a n s f o r m a t io n ,  any a p p l ie d  
s t r e s s  w i l l ’ te n d  to  e l e v a te  th e  Mg te m p e ra tu re .  T h e re fo re  th e  th e rm a l 
c o n t r a c t io n  s t r e s s e s  g e n e ra te d  w ith in  a  specim en d u rin g  a  quench ing  
tr e a tm e n t  may l o c a l l y  r a i s e  i t s  te m p e ra tu re ,  g iv in g  a v a lu e  u n r e p r e s e n t -
i r r e v e r s i b l e  component to  th e  Ym term  in  E q u a tio n  21.
h a s  b een  a t t r i b u t e d  to  th e  q u e n c h in g -in  o f  n o n -e q u il ib r iu m  h ig h  te m p e ra tu re
a t iv e  o f  th e  u n s t r e s s e d  p a r e n t  p h a s e ^ 28 , 11 -^)
The (M -  M ) t r a n s fo rm a tio n  ran g e  and  th e  r e v e r s io n  h y s t e r e s i s
S  X
(A -  M ) w i l l  a l s o  be s e n s i t i v e  to  th e  f a c t o r s  w hich in f lu e n c e  th e  M ; s  s  s ’
how ever v e ry  l i t t l e  work h as  been  done on t h i s  a s p e c t  o f  th e  m a r t e n s i t i c  
tr a n s fo rm a tio n .
3 .6 .1  T ra n s fo rm a tio n  te m p e ra tu re  s h i f t s  in  b in a ry  and te r n a r y  b r a s s e s  
M s h i f t s  have been  r e p o r te d  in  b e ta  b r a s s  a f t e r  c y c l in g  th ro u g hO
( *1 O Q  ^
th e  t r a n s fo rm a tio n  ran g e  . These s h i f t s  however a re  r a t h e r  s m a ll
( < 2K ). A r e l a t i o n s h i p  betw een th e  o b se rv e d  M d e p re s s io n  and  th es
p r o p o r t io n  o f  n o n - r e v e r s ib le  m a r te n s i te  p r e s e n t  in  th e  s t r u c t u r e  h a s  
been  s u g g e s te d , a lth o u g h  th e  p r e s e n t  work in d i c a te s  t h a t  th e  ag e in g  
p ro c e s s e s  w hich o ccu r a t  th e  u p p er l i m i t  o f  any th e rm a l c y c le  may te n d  
to  o b scu re  th e  genu ine  - tra n s fo rm a tio n  c y c l in g  e f f e c t s ^ ^ ^ .
The n e u tro n  i r r a d i a t i o n  o f  b e ta  b r a s s  te n d s  to  d e p re s s  th e
C126 )te m p e ra tu re  . D e p re ss io n s  o f  up to  10K have been  r e p o r te d  and  th e  
p ro p o se d  mechanism i s  th e  p in n in g  o f  i n t e r f a c i a l  d i s lo c a t io n s  by 
i r r a d i a t i o n  in d u c ed  d e f e c t s .  Such a  mechanism i s  th o u g h t to  r e s u l t  i n  
an in c re a s e  in  th e  v a lu e  o f  th e  n u c le a t io n  f r e e  en e rg y , s
The p l a s t i c  d e fo rm a tio n  o f  th e  p a r e n t  b e ta  p h ase  p r i o r  to  th e  
a th e rm a l t r a n s fo rm a t io n  to  m a r te n s i te  a l s o  s h i f t s  th e  te m p e ra tu re .
Some work i s  a v a i la b l e  w hich i n d i c a t e s ^ t h a t ^ p l a s t i c  d e fo rm a tio n  in c r e a s e s
/ '
th e  M te m p e ra tu re ,  w h i l s t  c o n f l i c t i n g  work s u g g e s ts  t h a t  d e fo rm a tio n  s i %
o f  th e  p a r e n t  p h ase  d e p re s s e s  th e  m a r t e n s i t i c  t r a n s fo rm a t io n  te m p e r-
. ' (127 )93 )a tu r e s
The p re s e n c e  o f  an om ega-type p h ase  h a s  been  d e te c te d  i n  b o th
(12  kk)Cu-Zn and Cu-Zn-A l b e ta  p h a s e s  5 . The r e l a t i o n s h i p  betw een  su ch
l o c a l  s t r u c t u r a l  m o d if ic a t io n s  and p o s t  quench b e ta  p h ase  a g e in g  e f f e c t s ;
and  th e  a s s o c ia te d  M s h i f t s  h a s  n o t  been  e s ta b l is h e d ^ * * ^ .s
A s tu d y  h a s  r e c e n t ly  been  made on th e  in f lu e n c e  o f  p o s t  quench 
th e rm a l h i s t o r y  on th e  m a r t e n s i t i c  tr a n s fo rm a tio n  in  a Cu-Zn-A l a l l o y
h a v in g  an M te m p e ra tu re  o f  I 83K ( - 90°C) . A f l a s h  a n n e a lin gs
tr e a tm e n t a t  373& ( 300°K) fo llo w e d  by a  quench to  room te m p e ra tu re  was 
found  to  in c re a s e  th e  s t r e s s  r e q u i r e d  to  form s t r e s s  in d u c e d  m a r te n s i te  
by an  amount e q u iv a le n t  to  a 20K d e p re s s io n  o f  th e  a th e rra a l M te m p er- 
a t u r e .  On h o ld in g  a  s im i la r  f l a s h  a n n e a le d  specim en a t  room te m p e ra tu re  
f o r  ab o u t 20 h o u rs  th e  Mg was shown to  r e t u r n  to  i t s  o r i g i n a l  v a lu e .
I t  was a l s o  found  t h a t  th e  f l a s h  h e a t  t r e a tm e n t  p ro d u ced  d e p re s s io n s  ’ 
in  th e  A and A_ te m p e ra tu re s  e q u iv a le n t  to  th o s e  r e p o r te d  f o r  b o th£> X
th e  Ms  and M^.
E a r l i e r  work by H u m m e l ^ d e m o n s t r a t e d  t h a t  a ^f23K (150°C)
a n n e a lin g  tr e a tm e n t  p ro d u ced  M d e p re s s io n s  o f  up to  9K i n  b e ta  b r a s s
a f t e r  n e u tro n  i r r a d i a t i o n .  S im ila r  ex p e rim e n ts  i n  th e  ab sen ce  o f  n e u tro n
i r r a d i a t i o n  w ere found  to  p roduce  M d e p re s s io n s  o f  o n ly  ab o u t 2K.s
; From th e s e  c o n s id e r a t io n s  i t  i s  a p p a re n t t h a t  s i g n i f i c a n t  s h i f t s  
in  th e  m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re s  may be p ro d u c e d  by p o s t  
quench h e a t  t r e a tm e n ts  in  b o th  Cu-Zn and Cu-Zn-Al b e ta  p h a s e s .
j
3*7 K in e t ic  c o n s id e ra t io n s  o f  th e  ma r t e n s i t i c  t r a n s fo rm a tio n
I t  i s  p o s s ib le  to  d e f in e  two m ajor c a te g o r ie s  o f  th e rm o e la s t ic  
t r a n s fo rm a t io n .  F i r s t l y  th e  m a r t e n s i t i c  t r a n s fo rm a tio n  i n  w hich  th e
volume f r a c t i o n  o f  m a r te n s i te  i s  r e l a t e d  s im p ly  to  th e  amount o f  u n d e r -
/
c o o lin g  below  th e  M te m p e ra tu re . Second ly  th e  is o th e rm a l  t r a n s fo rm a t io n
s  iI
i n  w hich th e  volume f r a c t i o n  o f  m a r te n s i te  in c r e a s e s  w ith  tim e  a t  a
c o n s ta n t  te m p e ra tu re . I t  i s  th e  f i r s t  c a te g o ry  o f  t r a n s fo rm a t io n
w hich h as  a c h ie v e d  m ost a t t e n t i o n  and th e  p o s s i b i l i t y  o f  i s o th e rm a l
t r a n s fo rm a tio n  h as  been  l a r g e ly  n e g le c te d  i n  b o th  Cu-Zn and Cu-Zn-A l
a l lo y s .  E a r ly  work on C u-A l-N i a l lo y s  h a s  how ever e s t a b l i s h e d  t h a t
(73)is o th e rm a l t r a n s fo rm a tio n s  a re  p o s s ib le  in  n o b le  m e ta l b e ta  p h a se s  
I n  th e  rem a in d e r o f  t h i s  s e c t io n ,  f a c t o r s  w hich in f lu e n c e  th e  r e v e r s io n  
o f  m a r te n s i te  w i l l  be c o n s id e re d .
A lth o u g h  t h e  r e v e r s i b i l i t y  o f  t h e  m a r t e n s i t i c  t r a n s f o r m a t i o n  i n
( 1 )b e ta  b r a s s  was e s t a b l i s h e d  a s  e a r ly  a s  th e  n in e te e n  t h i r t i e s  , e a r ly
r e p o r t s  a l s o  e x i s t  o f  Cu-Zn m a r te n s i te  s t a b l e  a t  te m p e ra tu re s  more th a n
("132 131)200K above th e  n o rm a lly  e x p e c te d  # The te m p erin g  o f  t h i s
m a r te n s i te  a t  398K ( 125°C) was found  to  r e s u l t  i n  a d e c re a se  i n  th e
t e t r a g o n a l i t y  o f  th e  m a r te n s i te  s t r u c t u r e .  The r e t e n t i o n  o f  s m a ll am ounts
o f  m a r te n s i te  above th e  e x p e c te d  A^ te m p e ra tu re  h a s  a l s o  been  r e p o r te d
(129 )by Hummel and Koger i n  b e ta  b r a s s  a f t e r  c y c l in g  th ro u g h  th e  t r a n s ­
fo rm a tio n  te m p e ra tu re  ra n g e .
More r e c e n t  work on C u-Z n-S i b e ta  p h ase  a l lo y s  h a s  d e m o n stra te d
I
t h a t  th e  r e v e r s i b i l i t y  o f  m a r te n s i te s  p o s s e s s in g  Mg te m p e ra tu re s  below
room te m p e ra tu re  i s  f a r  s u p e r io r  to  th e  r e v e r s i b i l i t y  o f  m a r te n s i te s
(77)d is p la y in g  M te m p e ra tu re s  above room te m p e ra tu re  . T h is  b e h a v io u r  s
h a s  been  e x p la in e d  in  te rm s o f  th e  p re s e n c e  o f  i n t e r n a l l y  tw in n ed  m a r te n s i te
below  room te m p e ra tu re  and f a u l t e d  m a r te n s i te  above room te m p e ra tu re .
" (77)The fo rm er s t r u c t u r e ,  a c c o rd in g  to  Wayman , i s  cap a b le  o f  com plete
)
r e v e r s io n ,  w h i l s t  th e  l a t t e r  s t r u c t u r e  i s  e x p e c te d  to  be in p a p a b le  o f  
com plete  r e v e r s io n .  I t  was a ls o  s u g g e s te d  by th e  same a u th o r  t h a t  some
th e rm a lly  a c t i v a t e d  p ro c e s s  may be in v o lv e d , a l th o u g h  th e  n a tu re  o f  t h i s
(77) ~~p ro c e s s  was n o t d is c u s s e d  . /
/ (1 33)D elaey  and h i s  c o l le a g u e s  have o b se rv e d  th e  s e p a r a t io n  o f
I
m a r te n s i te  r e v e r s io n  in to  two ra n g e s  i n  a  Cu-Zn-Al a l lo y  a f t e r  an  u n -
\
s p e c i f i e d  p o s t-q u e n c h  a g e in g  tr e a tm e n t  a t  room te m p e ra tu re .  T h is  i s  
i l l u s t r a t e d  in  F ig u re  15 w hich shows th e  r e s u l t  o f  d i f f e r e n t i a l  th e rm a l 
a n a ly s i s  o v e r th e  r e v e r s io n  ra n g e s . On th e rm a lly  c y c l in g  t h i s  specim en  
back  th ro u g h  th e  t r a n s fo rm a tio n  ran g e  i ' t  was found  t h a t  th e s e  two 
t r a n s fo rm a tio n  ra n g e s  ( s e p a ra te d  by ab o u t 7&) m erged, to  g iv e  one b ro a d  
r e v e r s io n  ra n g e , w hich was found  to  be ab o u t 15K below  t h a t  o r i g i n a l l y  
observed^15^ .
O ther anom alous o b s e rv a t io n s  in c lu d e  th e  d e g e n e ra tio n  o f  a c o u s t ic  
damping p r o p e r t i e s  i n  a  Cu-Zn-A l a l lo y ,  a f t e r  room te m p e ra tu re  a g e in g
(13*0m  th e  m a r t e n s i t i c  c o n d i t io n  , and  th e  r e p o r te d  i r r e p r o d u c i b i l i t y
(72)o f  M te m p e ra tu re s  i n  Cu-Zn b a se d  te r n a r y  a l lo y s  s
I t  i s  a p p a re n t t h a t  th e r e  i s  s t i l l  c o n s id e ra b le  u n c e r t a in ty  
co n c e rn in g  th e  m echanism s’ w hich p ro d u ce  a l l  th e s e  anom alous phenom ena.
X t i s  c r i t i c a l  to  th e  developm ent o f  t e r n a r y  b r a s s e s  a s  sh ap e  memory o r  
damping a l lo y s  t h a t  th e s e  an o m a lie s , p e rh a p s  a t t r i b u t a b l e  to  th e rm a lly  
a c t i v a t e d  low te m p e ra tu re  a g e in g  e f f e c t s ,  a r e  f u l l y  u n d e rs to o d .
I n  th e rm o e la s t ic  m a r te n s i te  each  m a r te n s i te  p l a t e  h a s  i t s  own 
s t r e s s  f i e l d ,  w hich , a t  th e  A te m p e ra tu re ,  p ro v id e s  th e  m ajo r component
>3
i n  th e  d r iv in g  fo r c e  f o r  r e t r a n s f o r m a t i o n ^ ^ ’ — ^ . The r e l a x a t i o n  o f  
th e s e  s t r e s s  f i e l d s  r e s u l t s  i n  th e  d im in u tio n  o f  th e  d r iv in g  f o r c e  f o r  
r e v e r s io n  and th e  Ag te m p e ra tu re  i s  e x p e c te d  to  in c r e a s e .  Such r e l a x a t i o n  
p ro c e s s e s  may o ccu r by  means o f  s l i p  and th e  e x t r a  d i s lo c a t i o n s  g e n e ra te d  
by  t h i s  p ro c e s s  p ro v id e  an e x t r a  i r r e v e r s i b l e  component to  th e  o v e r a l l  
r e v e r s io n  e n e r g e t i c s ,  a s  d e s c r ib e d  by E q u a tio n  21. I n  su ch  a  ca se  th e  
m a r te n s i te  i n t e r f a c e s  w i l l  s to p ,  n o t a t  a  b a la n c e  betw een th e  ch em ica l 
and e l a s t i c  d r iv in g  f o r c e s ,  b u t a f t e r ^ i n t e r f a c i a l  m o b i l i ty  h a s  b een  
l o s t  due to  d i s lo c a t i o n  jamming. /  T h is  may r e s u l t  i n  e i t h e r  th e  r e n u c l e a t io n
j
o f  th e  p a r e n t  p h ase  a t  te m p e ra tu re s  a p p re c ia b ly  h ig h e r  th a n  th e  no rm al
I
th e rm o e la s t ic  A j o r  i f  th e  te m p e ra tu re  i s  h ig h  enough, th e  p r e c i p i t a t i o n  
s  \  
o f  an e q u i l ib r iu m  p h ase  d i r e c t l y  from  th e  m a r te n s i te
The l o s s  o f  m a r te n s i te  r e v e r s i b i l i t y  c o n s id e re d  h e re  h a s  some 
s i m i l a r i t y  w ith  th e  w e ll  known phenomenon o f  a u s t e n i t e  s t a b i l i s a t i o n  in  
some h ig h  a l l o y  s t e e l s .  T h is  a u s t e n i t e  s t a b i l i s a t i o n  o c c u rs  when c o o lin g  
i s  i n t e r r u p t e d  betw een and M^. I t  i s  th o u g h t to  r e s u l t  from  e i t h e r  
th e  p in n in g  o f  in te r p h a s e  b o u n d a rie s  by i n t e r s t i t i a l  carbon  atom s o r  th e  
r e l a x a t i o n  o f  th e  i n t e r f a c i a l  d i s lo c a t i o n  s t r u c t u r e  •
5 . 8  M eth o d s o f  m o n i t o r in g  t h e  m a r t e n s i t i c  t r a n s f o r m a t io n
Numerous te c h n iq u e s  have been  u sed  to  m o n ito r th e  p ro g re s s  o f  
th e  m a r t e n s i t i c  t r a n s fo rm a tio n  and some o f  th e s e  a re  l i s t e d  i n  T ab le  b.
I n  t h i s  s e c t io n  th e s e  m ethods w i l l  be c o n s id e re d ; w ith  p a r t i c u l a r  
em phasis on r e s i s t i v i t y ,  c a lo r im e t r ic ,  m e ta llo g ra p h ic  and  m ech an ica l 
t e s t i n g  te c h n iq u e s .
The fo u r  l e a d  r e s i s t i v i t y  te c h n iq u e  i s  p a r t i c u l a r l y  u s e f u l  and
r e l i e s  upon th e  d i f f e r e n c e  in  r e s i s t i v i t y  betw een th e  m a r te n s i te  and 
( “1 “1 R1
p a r e n t  p h a se s  . From c a lo r im e t r ic  m ethods th e  p ro g re s s  o f  th e
tr a n s fo rm a tio n  may be fo llo w e d  and v a lu e s  f o r  t r a n s fo rm a t io n  h e a ts  
( 120)d e te rm in e d  • Modulus and i n t e r n a l  f r i c t i o n  m easurem ents may a ls o
be u sed  b u t  th e  s e n s i t i v i t y  o f  th e  p h a se s  in v o lv e d  to  th e  p re s e n c e  o f
s t r e s s  i n v a l id a t e s  t h e i r  u se  i n  th e  s tu d y  o f  t r u l y  th e rm o e la s t ic  t r a n s fo rm a -  
(11 13^)t i o n s  ’ „ The e l a s t i c  shock waves p ro d u ced  by th e  r a p id  grow th  o f
/ /] *7^  \
m a r te n s i te  p l a t e s  may be m o n ito red  u s in g  a c o u s t ic  e m iss io n  te c h n iq u e s
X -ray  d i f f r a c t i o n  te c h n iq u e s  may a ls o  be u se d  b u t  th e y  y i e l d  v e ry  l i t t l e
in fo rm a tio n  ab o u t th e  a c tu a l  t r a n s fo rm a tio n  b e h a v i o u r ^ ^ . T ra n sm iss io n
e l e c t r o n  m icroscopy  o f  t h i n  f o i l s  h as  been  u se d  to  d e te rm in e  th e  d e t a i l e d
c ry s ta l lo g ra p h y  o f  th e  p h a s e s ,  however th e  la c k  o f  th r e e  dim fensional
c o n s t r a i n t s  i n  th i n  f o i l s  makes com parisons w ith  b u lk  m e ta ls  d i f f i c u l t
and som etim es m is le a d in g . O p tic a l  m icroscopy  s u f f e r s  from  s im i la r
d is a d v a n ta g e s  b u t  h a s  p ro v en  i t s e l f  u s e f u l  i n  u n d e rs ta n d in g  th e  m acro-
(114)
sc o p ic  grow th b e h a v io u r . The g en era l; a p p l i c a b i l i t y  o f  each  te c h n iq u e  
i s  sum m arised in  T ab le  4-.
I t  . sh o u ld  be n o te d  t h a t  some o f  th e  m ethods g iv e n  in  T ab le  b a re  
p a r t i c u l a r l y  u n s u i ta b le  f o r  th e  a c c u ra te  d e te rm in a tio n  o f  c h a r a c t e r i s t i c  
t r a n s fo rm a tio n  te m p e ra tu re s .  Namely th o s e  w hich do n o t g iv e  in fo rm a tio n  
ty p i c a l  o f  th e  t o t a l  volume f r a c t i o n  tra n s fo rm e d  b u t  g iv e  in fo rm a tio n  
ab o u t th e  m otion  o f  m a r te n s i te  p l a t e s ,  e i t h e r  on th e  s u r f a c e  o f  th e
specim en by m e ta llo g ra p h y  o r  w ith in  th e  specim en  by  means o f  i n t e r n a l
R e s i s t i v i t y  (95?115?124) A A B C C
C a lo r im e try  (1 2 0 ,1 3 3 ) A B B A C
Modulus M easurem ents (11 ) ' B C C B C
I n t e r n a l  F r i c t i o n  (13^) C C C C C
............ ... .
M echan ica l T e s t in g  ( 6b ,65) B B B A j C
A c o u s tic  E m issio n  ( 136 ) B C A C c
X-Ray D i f f r a c t io n  (91?96) B B C C A
E le c tro n  M icroscopy (2 8 ,1 1 2 ,1 3 7 ) C C C C A
O p tic a l  M icroscopy (H A -,9 0 ,138) B B B C B
m ethod.
r e s u l t s  may be 
o b ta in e d .
m ethod i s  n o t 
a p p l ic a b l e .
T ab le  k , Summary o f  th e  d i f f e r e n t  te c h n iq u e s  a v a i l a b l e  f o r  th e  
s tu d y  o f  m a r t e n s i t i c  t r a n s f o r m a t io n s . -
f r i c t i o n ,  a c o u s t ic  em iss io n  o r  modulus m easurem ents.
3 .8 .1  R e s i s t i v i t y  m easurem ents
The r e s i s t i v i t y  o f  Cu-Zn b e ta - ty p e  m a r te n s i te  i s  ab o u t 20%
( “1 *1 R ^
g r e a t e r  th a n  t h a t  o f  - ‘th e  p a r e n t  p h ase  . The c o n tin u o u s  r e c o rd in g
o f  r e s i s t i v i t y  w h i l s t  h e a t in g  and c o o lin g  th ro u g h  th e  t r a n s fo rm a tio n  
ran g e  i s  th e r e f o r e  a v e ry  u s e f u l  m ethod o f  fo llo w in g  th e  t r a n s fo rm a tio n  
b e h a v io u r . F ig u re  16 i l l u s t r a t e s  th e  form o f  a  t y p i c a l  r e s i s t i v i t y  
v e rs u s  te m p e ra tu re  h y s t e r e s i s  lo o p  f o r  th e  m a r t e n s i t i c  t r a n s fo rm a t io n  
i n  b e ta  b r a s s .  I n  t h i s  p a r t i c u l a r  case  i t  h a s  been  e s ta b l i s h e d  t h a t  a  
s im p le  law  o f  m ix tu re s  can be u sed  to  c o r r e l a t e  r e s i s t i v i t y  changes to
/ si s\ \
th e  volume f r a c t i o n  o f  t r a n s fo rm a tio n  p ro d u c t . F ig u re  14 i s  th e  
p e rc e n ta g e  t r a n s fo rm a tio n  v e rs u s  te m p e ra tu re  curve w hich h as  been  
d e r iv e d  d i r e c t l y  from F ig u re  16 by means o f  th e  law  o f  m ix tu re s .  A lso 
in c lu d e  in  F ig u re  1^ i s  th e  f i r s t  d i f f e r e n t i a l  o f  th e  p e rc e n ta g e  t r a n s -
(113)fo rm a tio n  v e rs u s  te m p e ra tu re  curve
I n  some th e rm o e la s t ic  t r a n s fo rm a t io n s ,  f o r  exam ple t h a t  found  
in  th e  e q u ia to m ic  N iT i a l lo y ,  anom alous p eak s  a re  o b se rv ed  in  th e  r e s i s t ­
i v i t y  v e rs u s  te m p e ra tu re  cu rv es  due to  p r e m a r te n s i t i c  s t r u c t u r a l  ch an g es. 
I n  numerous n o b le  m e ta l b e ta  p h a se s  th e  r e s i s t i v i t y  can be in f lu e n c e d  
by th e  p re se n c e  o f  q u en ch ed -in  v a c a n c ie s  and t h e i r  su b se q u e n t decay 
a t  low te m p e ra tu re s .  A lthough  such  e f f e c t s  a re  in v a lu a b le  when s tu d y in g  
p r e m a r te n s i t i c  phenomena and vacancy  decay , th e y  do i n t e r f e r e  w ith  any 
d e t a i l e d  in v e s t i g a t io n  o f  th e  a s -q u en ch ed  m a r t e n s i t i c  t r a n s fo rm a t io n  
b e h a v io u r  ^ 9  ? 13 9 ) .
3 .8 .2  C a lo r im e try
C a lo r im e try  h as  n ev e r been w id e ly  u sed  in  th e  s tu d y  o f  therm o­
e l a s t i c  m a r t e n s i t i c  t r a n s fo rm a t io n s ,  s in c e  r e s i s t i v i t y  m ethods have been  
g e n e r a l ly  p r e f e r r e d .  I n  q u a n t i t a t iv e  d i f f e r e n t i a l  th e rm a l a n a ly s i s  th e  
a re a s  u n d er th e  v a r io u s  p eak s  a re  p r o p o r t io n a l  to  th e  h e a t  e i t h e r  e v o lv e d
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TEMPERATURE (*C)
F ig u re  16 . R e s i s t i v i t y  v e rs u s  te m p e ra tu re  h y s t e r e s i s  lo o p  a s s o c ia t e d
(*1 *1R")w ith  th e  m a r t e n s i t i c  tr a n s fo rm a tio n  in  b e ta  b r a s s  .
o r  a b s o r b e d  d u r in g  a n y  p h a s e  t r a n s f o r m a t i o n .  T h is  a l l o w s  th e rm o d y n a m ic
d a ta  to  be o b ta in e d  w hich i s  c h a r a c t e r i s t i c  o f  th e  t r a n s fo rm a t io n ;  and
from  such  in fo rm a tio n , e s t im a te s  o f  th e  chem ica l d r iv in g  f o r c e s  f o r
t r a n s fo rm a t io n  have been  made, see  T ab le  3« O lson and Cohen have
q u e s tio n e d  th e  u se  o f  c a lo r im e tr ic  d a ta  i n  e s t a b l i s h in g  therm odynam ic
( 88)in fo rm a tio n  in  th e s e  sy stem s . They a rg u e  t h a t  th e  v e ry  co n ce p t o f
th e r r a o e la s t i c  e q u i l ib r iu m  d i c t a t e s  t h a t  th e  chem ica l and e l a s t i c  d r iv in g
f o r c e s  a re  o f  s u f f i c i e n t  m agnitude, to  a lm o s t c a n c e l each  o th e r  o u t .
They conclude  t h a t  th e  e l a s t i c  e n th a lp y  c o n t r ib u t io n  p ro d u c e s  a  s u b s t a n t i a l
r e d u c t io n  in  th e  m agnitude o f  th e  o b se rv e d  h e a t  e v o lu t io n  o r  a b s o rp t io n
(QQ)
d u rin g  th e  fo rw ard  and r e v e r s e  tr a n s fo rm a tio n s  r e s p e c t iv e l y  . . A rgen t
(92)and h i s  c o l le a g u e s  have m easured  th e  n o n -ch em ica l e n th a lp y  c o n t r ib u t io n s  
in  some f e r r o u s  m a r te n s i te s ,  and th e y  have found  t h a t  a  c o n s id e ra b le  
amount o f  en erg y  i s  c a p a b le  o f  b e in g  t i e d  up i n  th e  m a r te n s i te  s u b s t r u c tu r e .  
T h is  i s  w itn e s s e d  by th e  o b s e rv a t io n  t h a t  l a t h  m a r te n s i te  e v o lv e s  o v e r 
an o rd e r  o f  m agnitude more t r a n s fo rm a tio n  h e a t  th a n  th e  e q u iv a le n t  tw in n ed  
m a r te n s i te .  The s e p a r a t io n  o f  th e s e  chem ica l and n o n -ch em ica l e n th a lp y  
te rm s i s  c o n s id e re d  f u r t h e r  f o r  th e  case  o f  th e rm o e la s t ic  t r a n s f o r m a t io n s  
in  C h ap te r 6 .
3 * 8 .3  M echan ica l t e s t i n g
Above th e  te m p e ra tu re  th e  s t r e s s  r e q u i r e d  to  form  m a r te n s i te  
in c r e a s e s  l i n e a r l y  w ith  in c r e a s in g  te m p e ra tu re  and th e  a c t u a l  Mg tem p-
(1 4o)e r a tu r e  may be d e te rm in ed  by e x t r a p o la t in g  su ch  r e s u l t s  to  ze ro  s t r e s s  
F u rth e rm o re , by th e  a p p l i c a t io n  o f  a  C la u s iu s -C la p y ro n  ty p e  Of e q u a t io n  
th e  e n tro p y  o f  th e  t r a n s fo rm a tio n  may be d e te rm in e d  from  th e  te m p e ra tu re  
dependence o f  th e  s t r e s s  r e q u i r e d  to  form  m a r te n s i te .
The r e s u l t s  o f  h a rd n e ss  t e s t i n g  e i t h e r  th e  p a r e n t  o r  p ro d u c t  p h ase  
sh o u ld  be t r e a t e d  w ith  c a u t io n , s in c e  d e fo rm a tio n  in  th e r m o e la s t ic  a l lo y s  
may be accommodated by r e v e r s ib l e  m echanism s and n o t by p l a s t i c  d e fo rm a tio n . 
T h e re fo re  on e i t h e r  r e l e a s in g  th e  in d e n to r  lo a d  o r  r a i s i n g  th e  te m p e ra tu re
some o r  a l l  o f  th e  d e fo rm a tio n  may be re c o v e re d  and m is le a d in g  r e s u l t s  
(1 Zf 1 )
o b ta in e d
A ll  m ech an ica l t e s t i n g  te c h n iq u e s  in t ro d u c e  e x t r a  v a r i a b le s  such  
a s  s t r a i n  r a t e ,  c r y s ta l lo g r a p h ic  t e x tu r e  and e l a s t i c  a n is o t ro p y ,  w hich 
nee.d n o t be c o n s id e re d  when c a lo r im e t r ic  o r  r e s i s t i v i t y  m ethods a re  u se d  
to  s tu d y  m a r t e n s i t i c  t r a n s f o r m a t io n s .  M echan ica l m ethods a l s o  s u f f e r  
from th e  p rob lem  t h a t  th e  chem ica l and e l a s t i c  c o n t r ib u t io n s  to  th e  
t r a n s fo rm a tio n  e n th a lp y  a re  in s e p a r a b le .  T h is  c o m p lic a te s  m a t te r s  b ecau se  
in  s t r e s s  in d u c ed  m a r te n s i te  th e  r e l a t i v e  c o n t r ib u t io n s  o f  th e  chem ica l 
and e l a s t i c  en e rg y  com ponents d i f f e r  from  th o s e  e x p e c te d  i n  th e  t r a n s fo rm ­
a t io n  i n  th e  absen ce  o f  s t r e s s .
%
3 .8 .V  M e ta lio g ra p h ic  m ethods
O b se rv a tio n s  o f  th e  s u r fa c e  r e l i e f  p ro d u ced  d u rin g  th e  fo rm a tio n  
and r e v e r s io n  o f  th e rm o e la s t ic  m a r te n s i te ,  e i t h e r  by th e rm a l or. m e ch an ic a l 
c y c l in g  th ro u g h  th e  t r a n s fo rm a tio n  ra n g e , can g iv e  v a lu a b le  in fo rm a tio n  
c o n ce rn in g  th e  n a tu re  o f  th e  t r a n s fo rm a t io n .  S u rfa c e  m a r te n s i te ,  how ever,
i
i s  u n d er d i f f e r e n t  c o n s t r a i n t s  com pared to  b u lk  m a r te n s i te  so  th e  u se
o f  o p t i c a l  m icroscopy  i n  d e te rm in in g  t r a n s fo rm a t io n  te m p e ra tu re s  i s
r a t h e r  s u s p e c t .  N e v e r th e le s s  i t  h a s  p ro v ed  a  v e ry  good m ethod f o r
o b s e rv in g  th e  sequence o f  m a r te n s i te  p l a t e  fo rm a tio n  and  th e  d i s t r i b u t i o n
o f  d i f f e r e n t  m a r te n s i te  v a r i a n t s  th ro u g h o u t th e  t r a n s f o r m a t i o n ^ ^ ’  ^ .
C inem ato g rap h ic  m ethods have been  u se d  to  s tu d y  b o th  th e rm o e la s t ic
grow th m echanism s and th e  r e l a t i o n s h i p s  betw een  any a p p l ie d  s t r e s s  and
th e  r e s u l t i n g  m ic ro s t ru c tu r e  in  Cu-Zn-Al a l lo y s  • The is o th e rm a l
m a r t e n s i t i c  t r a n s fo rm a tio n  in  C u-A l-N i a l lo y s  h a s  a ls o  been  in v e s t i g a t e d
( 7 5 )
m e ta l lo g r a p h ic a l ly
3 . 8 .3  The d e f i n i t i o n  o f  c h a r a c t e r i s t i c  t r a n s fo rm a tio n  te m p e ra tu re s
I t  i s  o f te n  th e  case  t h a t  due to  s l i g h t  in h o m o g e n e itie s  i n  s t r u c t u r e  
o r  c o m p o sitio n , th e  p re se n c e  o f  quench ing  s t r a i n s  o r  even  f r e e  s u r f a c e
r e l a x a t i o n ,  i t  i s  d i f f i c u l t  to  a c c u r a te ly  d e f in e  th e  te m p e ra tu re .
I t  i s  th e r e f o r e  common p r a c t i c e  to  u se  some a r b i t r a r y  d e f i n i t i o n ,  such
a s  a  c e r t a i n  p e rc e n ta g e  d e v ia t io n  from  th e  e x p e c te d  b e h a v io u r  o f  th e  p a r e n t
p h a se . I t  i s  a l s o  o f te n  u s e f u l  to  d e f in e  a  te m p e ra tu re  a t  w hich a  c e r t a in
p e rc e n ta g e  o f  th e  t r a n s fo rm a t io n  h a s  o c c u re d , f o r  exam ple, M (0 .5 )  w oulds
be th e  te m p e ra tu re  a t  w hich 0.5% o f  th e  t r a n s fo rm a tio n  h a s  ta k e n  p la c e ;  
such  a  d e f i n i t i o n  may a l s o  be u se d  a t  th e  end o f  th e  t r a n s f o r m a t io n ,  where 
a  M^(99«3) te m p e ra tu re  may be d e f in e d .
D uring  th e  co u rse  o f  th e  m a r t e n s i t i c  t r a n s f o r m a t io n ,  a s  we can
-1
se e  from  T ab le  3 , ab o u t 300J mol i s  e v o lv e d  from  b e ta  b r a s s .  I f  th e
tr a n s fo rm a t io n  i s  a llo w e d  to  o ccu r v e ry  r a p id l y ,  e i t h e r  by quench ing  o r  .
by u s in g  v e ry  f a s t  s t r a i n  r a t e s ,  th e  h e a t  o f  t r a n s fo rm a t io n  a s s o c ia te d
w ith  th e  grow th o f  m a r te n s i te  may have i n s u f f i c i e n t  tim e to  d i s s ip a t e
th ro u g h o u t th e  specim en and l o c a l l y  th e  te m p e ra tu re  w i l l  in c r e a s e ;
p e rh a p s  to  such  an e x te n t  t h a t  l o c a l l y ,  th e  d r iv in g  fo r c e s  f o r  grow th
(*1 PR)
a re  re d u c e d  and p l a t e  grow th  a r r e s t e d  . T h e re fo re  th e  c h a r a c t e r i s t i c
j
t r a n s fo rm a tio n  te m p e ra tu re s ,  M and  M w i l l  ..to■ some e x te n t  be a  f u n c t io ns i
o f  b o th  c o o lin g  r a t e  and s t r a i n  r a t e .
CHAPTER 4
EXPERIMENTAL PROCEDURE
4.1  A llo y  s e l e c t i o n
The la r g e  ran g e  o f  a l lo y  co m p o sitio n s  in  th e  Cu-Zn-A l system
w hich e x h i b i t  m a r t e n s i t i c  tr a n s fo rm a tio n s  i s  i l l u s t r a t e d  i n  F ig u re  11.
F o r th e  p u rp o se s  o f  t h i s  i n v e s t i g a t io n ,  a l lo y s  w ere s e l e c t e d  w ith
tr a n s fo rm a t io n  te m p e ra tu re s  c lo se  to  room te m p e ra tu re . Two s e r i e s  o f
a l lo y s  w ere chosen  f o r  d e t a i l e d  s tu d y . A llo y s  i n  th e  f i r s t  s e r i e s  a l l
d em o n stra ted  M te m p e ra tu re s  c lo se  to  303K (30°C) +. and  c o n ta in e d
2 (at)$>, 4(at)?£  and 9 (a t )%  a lum inium . The seco n d  s e r i e s  o f  a l l o y s  w ere
o f  c o n s ta n t  z in c  c o n te n t ,  th e  amount o f  alum inium  b e in g  a d ju s te d  to
y i e l d  a l lo y s  d is p la y in g  d i f f e r e n t  M te m p e ra tu re s  i n  th e  ra n g e  233K-333&s
( - 20°C to  60°C ). The n e c e s s a ry  a l l o y  c o m p o sitio n s  w ere d e te rm in e d  by 
u s in g  E q u a tio n  18 , a l th o u g h  sm a ll a d ju s tm e n ts  in  co m p o sitio n .w e re  
r e q u i r e d  f o r  m ost o f  th e  a l lo y s  s in c e  t h i s  e q u a t io n  was d e s ig n e d  f o r  
a l lo y s  c o n ta in in g  l e s s  th a n  2 (a t Y/o' alum inium . The a l lo y  c o m p o s itio n s , i n  
b o th  w e ig h t and a to m ic  p e r c e n t ,  a r e  g iv e n  i n  T ab le  3? a lo n g  w ith  t h e i r  
e x p e r im e n ta l ly  d e te rm in e d  Mg te m p e ra tu re s .  F ig u re  17 i l l u s t r a t e s  th e  
l o c a t io n  o f  th e s e  a l lo y  co m p o sitio n s  on a  t e r n a r y  Cu-Zn-A l c o n s t i t u t i o n  
diagram .
4 .2  A llo y  p r e p a r a t io n
4 .2 .1  M e ltin g  and c a s t in g
The r e q u i r e d  am ounts o f  co p p er, z in c  and  alum inium , w ith  im p u r ity  
l e v e l s  shown i n  T ab le  6 , w ere w eighed  o u t to  g iv e  a  t o t a l  ch arg e  w e ig h t 
o f  30g . The charge  was th e n  packed  in to  q u a r tz  c a p s u le s  and  b ak ed  a t  
373K (100°C) to  remove any m o is tu re .  A f te r  f lu s h in g  w ith  a rg o n , th e  
c a p su le s  were e v a c u a te d  u s in g  a r o t a r y  pump and th e n  s e a le d .
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S u lp h u r .00001 _
Cadmium I .001
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T ab le  6 . Q uoted im p u r ity  l e v e l s  f o r  th e  co p p er, z in c  and  alum inium  
u se d  i n  th e  p r e s e n t  w ork.
The m e ltin g  was c a r r i e d  o u t i n  an  e l e c t r i c  m u ffle  fu rn a c e  and 
th e  c a p s u le s  w ere h e ld  i n  a  v e r t i c a l  p o s i t i o n  by means o f  a  r e f r a c t o r y  
j i g .  A fu rn a c e  te m p e ra tu re  o f  1423K (1150°C) was u sed  and  a f t e r  th e  
charge  became f u l l y  m o lten , th e  c a p s u le s  w ere shak en  to  e n su re  homogen­
e i t y  o f  th e  m e lt .  ,
The s o l i d i f i c a t i o n  o f  th e  a l lo y s  was a llo w ed  to  o c c u r in  s i t u  
by o p en in g  th e  fu rn a c e  door and tu r n in g  o f f  th e  fu rn a c e  pow er. A f te r  
s o l i d i f i c a t i o n ,  w hich o c c u re d  v e ry  r a p id l y ,  th e  e n c a p s u la te d  in g o t s  
w ere hom ogenised a t  1023& .(850°C) f o r  a p e r io d  o f  24 h o u rs . A f te r  
c o o lin g  to  room te m p e ra tu re  th e  c a p s u le s  were sm ashed and th e  in g o t s  
w eighed . The w e ig h t l o s s  i n  each  case  was l e s s  th a n  0 . 1g and t h i s  was 
assum ed to  be e n t i r e l y  due to  l o s s  o f  z in c  and th e  c o m p o sitio n s  g iv e n  i n  
T ab le  5. a re  a d ju s te d  a c c o rd in g ly .
4 .2 .2  Specim en f a b r i c a t i o n  .
A f te r  th e  s u r f a c e  o f  each  in g o t  was m achined to  e l im in a te  th e  
m ajo r c a s t in g  d e f e c t s ,  th e  in g o ts  w ere h o t  r o l l e d  a t  923& ( 630°C) to  
a  th ic k n e s s  o f  4mm. The s u r f a c e s  o f  th e  a l lo y  s la b s  w ere th e n  ground  
to  remove th e  r o l l i n g  d e f e c ts  and th e n  by a  s e r i e s  o f  c o ld  r o l l i n g  and  
a n n e a lin g  t r e a tm e n ts ,  re d u c e d  to  a  th ic k n e s s  o f  1mm. The specim ens 
w hich w ere r e q u i r e d  f o r  th e rm a l a n a ly s i s ,  X -ray  d i f f r a c t i o n  m e ta llo g ra p h y  
e t c .  w ere th e n  m achined, from  t h i s  1mm s h e e t .
4 .2 .3  D e te rm in a tio n  o f  hom ogeneity
From E q u a tio n  18 we can see  t h a t  th e  Mg te m p e ra tu re  i n  Cu-Zn-A l
a l lo y s  i s  a  v e ry  s e n s i t i v e  fu n c t io n  o f  co m p o sitio n . I t  w ould th e r e f o r e
be e x p e c te d  t h a t  any c o m p o s itio n a l inhomogenerty in  an  a l l o y  w ould  be
r e f l e c t e d  a s  v a r i a t i o n s  i n  th e  Mg te m p e ra tu re  a t  d i f f e r e n t  lo c a t io n s
i n  th e  r o l l e d  s h e e t .  I n  th e  case  o f  A llo y  3? th r e e  specim ens w ere
p re p a re d  f o r  M d e te rm in a tio n , one from  each  end  o f  th e  r o l l e d  s h e e t  s
and  one from  i t s  c e n t r e .  A f te r  g iv in g  th e s e  specim ens i d e n t i c a l  quench ing
treatments, they were found to have temperatures agreeing within 
O.^K, which indicates compositional stability of better than 0.01^.
Only a very small degree of dezincification was observed in specimens
of Alloy 3 after holding at 1023K (830°C) for ten minutes, as established
/
by means of metallographic examinations of sections through the surface.
4 .3  H eat t r e a tm e n t  p ro c e d u re s
A standard quenching treatment was used in all the investigations. 
The specimens, in contact with a thermocouple, were suspended in a 
vertical tube furnace. After .three minutes the wires attached to 
the specimens were cut and the specimens were allowed to fall through 
the furnace into a bath containing tap water at 273& (0°C). The 
specimens were then immediately (within 5 seconds) transferred to 
ageing baths held at the required ageing temperatures.
A s o lu t io n  tr e a tm e n t  te m p e ra tu re  o f  1023K (830°C) was u se d  f o r  
all th e  e x p e rim e n ts , u n le s s  o th e rw ise  in d i c a te d ,  so t h a t  th e  b e h a v io u r  
of a l lo y s  w ith  low alum inium  c o n te n ts ,  and th e r e f o r e  h ig h  cc+p/p p h ase  
b oundaries?  co u ld  be com pared d i r e c t l y  W ith t h a t  o f  a l lo y s  c o n ta in in g  more 
a lum inium  and d is p la y in g  low er a+p/p p h ase  b o u n d a r ie s  ( s e e  F ig u re  3)»
It has been pointed out in Section 2.2 that quenched beta phases 
are often susceptible to low temperature ageing effects. Since the 
major purpose of this work is to investigate these low temperature 
ageing effects and their influence upon martensitic transformation 
behaviour, it is of prime importance to closely control the thermal 
history of each specimen at all stages before the determination 
of the characteristic martensitic transformation temperatures. A 
variety of different ageing baths were used; below 273K (0°C) alcohol 
or acetone cooled with liquid nitrogen was used, whilst up to 373K 
(100°C), water baths were used and above 373& (100°C) ageing treatments 
were carried out in oil baths. Post quench heat treatments were also
c a r r i e d  o u t i n  th e  th e rm a l a n a ly s i s  c e l l  i t s e l f .  The a g e in g  b a th s  
w ere a r ra n g e d  to  g iv e  te m p e ra tu re  s t a b i l i t y  o f  b e t t e r  th a n  0.3K  
w h i l s t  th e  th e rm a l a n a ly s i s  c e l l  a llo w ed  te m p e ra tu re  s t a b i l i t y  
a p p re c ia b ly  b e t t e r  th a n  t h i s .
4 .4  The s e l e c t i o n  o f  e x p e r im e n ta l te c h n iq u e s
The te c h n iq u e s  a v a i la b le  f o r  th e  s tu d y  o f  th e  m a r t e n s i t i c  
t r a n s fo rm a tio n  a re  numerous and th e  p a r t i c u l a r  u s e s  o f ,e a c h  te c h n iq u e  
a re  r e p o r te d  i n  S e c t io n  3*8. R e s i s t i v i t y  m ethods r e q u i r e  f a i r l y  
lo n g  specim ens w ith  a t  l e a s t  fo u r  e l e c t r i c a l  c o n n e c tio n s  a lo n g  t h e i r  
l e n g th s .  The d i f f i c u l t y  o f  m aking th e  n e c e s s a ry  e l e c t r i c a l  c o n ta c ts  
w ith o u t in t ro d u c in g  u n c e r t a i n t i e s  in to  th e  th e rm a l h i s t o r y  o f  th e  
specim en , and th e  prob lem  o f  e n s u r in g  t h a t  th e  whole le n g th  o f  th e  
specim en u n dergoes  u n ifo rm  h e a t  tr e a tm e n t makes r e s i s t i v i t y  te c h n iq u e s  
p a r t i c u l a r l y  u n s u i ta b le  f o r  th e  s tu d y  o f  e f f e c t s  s e n s i t i v e  to  th e  
d e t a i l e d  th e rm a l h i s t o r y  o f  th e  specim en . I f  th e s e  p r a c t i c a l  
d i f f i c u l t i e s  w ere overcom e, th e  i n v e s t i g a t io n  o f  th e  d e t a i l e d  
m a r t e n s i t i c  t r a n s fo rm a t io n  b e h a v io u r  w ould s t i l l  be m asked by th e  
c o n s id e ra b le  a s-q u en ch ed  r e s i s t i v i t y  r e s u l t i n g  from  th e  r e t e n t i o n  
o f  a  n o n -e q u il ib r iu m  th e rm a l vacancy  c o n c e n tr a t io n  im m ed ia te ly  
a f t e r  quench ing .
D i f f e r e n t i a l  th e rm a l a n a ly s i s  (DTA) was th e r e f o r e  chosen  a s  
th e  m ajo r te c h n iq u e  f o r  d e te rm in in g  th e  m a r t e n s i t i c  t r a n s f o r m a t io n  
te m p e ra tu re s ;  b ecause  the^ sm a ll specim en s i z e  f a c i l i t a t e d  th e  c lo s e  
c o n t r o l  o f  th e rm a l h i s t o r y  and th e  a s -q u en ch ed  vacancy  p o p u la t io n  
was th o u g h t u n l ik e ly  to  s i g n i f i c a n t l y  i n t e r f e r e  w ith  th e  r e s u l t s .
T h is  te c h n iq u e  a ls o  a llo w ed  q u a n t i t a t iv e  v a lu e s  f o r  th e  h e a t s  o f  
t r a n s fo rm a tio n  to  be d e te rm in e d  f o r  b o th  th e  m a r t e n s i t i c  t r a n s fo rm ­
a t io n  and  any o th e r  p h ase  tra n s fo rm  a t io n s  p r e s e n t .
To s tu d y  th e  s t r u c t u r a l ,  m ic r o s t r u c tu r a l  and m e ch an ic a l p r o p e r ty
changes a s s o c ia te d  w ith  th e  low te m p e ra tu re  a g e in g  e f f e c t s ,  X -ray  
d i f f r a c t i o n ,  m e ta llo g ra p h y , h a rd n e s s  t e s t i n g  and  o th e r  m ech an ica l t e s t i n g  
te c h n iq u e s  w ere u se d .
4 .5  D i f f e r e n t i a l  th e rm a l a n a ly s i s
The a p p a ra tu s  u se d  was a  s ta n d a rd  DuPont DSC c e l l  l i n k e d  to  a
DuPont 990 te m p e ra tu re  c o n t r o l l e r  w ith  th e  f a c i l i t y  f o r  c o n t r o l le d
h e a t in g  and c o o lin g  betw een  153& (~120°C) and  873K (600°C) a t  r a t e s  
-1  -1betw een 50K min and  0.5K  min . The c e l l  c o n s is te d  o f  a  p la tin u m  ' 
wound fu rn a c e  s e t  w i th in  a  s i l v e r  b lo c k . The d i f f e r e n t i a l  th e rm o co u p le s  
w ere a t ta c h e d  to  th e  u n d e rs id e  o f  two r a i s e d  p la tfo rm s  stam ped  in to  a 
c o n s ta n ta n  d is c  lo c a te d  in  th e  c e n tr e  o f  th e  s i l v e r  b lo c k .
The sp ec im en s, s q u a re ,  ab o u t 100mg in  w e ig h t and 1mm th i c k  w ere 
a c c u r a te ly  w eighed a f t e r  t e s t i n g  to  a v o id  u n c e r t a i n t i e s  i n  t h e i r  th e rm a l 
h i s t o r y .  B o t h 'f l a t  s u r f a c e s  o f  th e  specim ens w ere g round  p r i o r  
to  th e  quench ing  t r e a tm e n t .  B efo re  each  t e s t  th e  c e l l  was h e ld  a t  th e
r e q u i r e d  a g e in g  te m p e ra tu re  and  th e  specim en  t r a n s f e r r e d  to  th e  c e l l
i  ■
from  th e  ag e in g  b a th  a s  q u ic k ly  a s  p o s s i b le .  I n  a l l  c a se s  t h i s  t r a n s f e r  . 
to o k  l e s s  th a n  5 seco n d s to  com ple te .
4 .5 .1  The i n t e r p r e t a t i o n  o f  th e rm a l a n a ly s i s  cu rv es
The DTA a p p a ra tu s  was a d ju s te d  to  g iv e  a  h o r i z o n t a l  b a se  l i n e  
o v e r th e  ran g e  173& to  373^ (-100°C  to  +100°C ). S in ce  m ost o f  th e  
p r e s e n t  work was d i r e c te d  tow ards d e te c t in g  s h i f t s  in  th e  t r a n s f o r m a t io n  
te m p e ra tu re s ,  te m p e ra tu re  was p l o t t e d  on th e  x - a x is  o f  th e  DTA t r a c e .
When more a c c u ra te  v a lu e s  o f  th e  t r a n s fo rm a t io n  e n e r g ie s  w ere r e q u i r e d  
th e  DTA t r a c e  was p l o t t e d  a g a in s t  a  tim e b a s e , and  th e  te m p e ra tu re  
p l o t t e d  w ith  an a u x i l i a r y  p en .
The t y p i c a l  form  o f  DTA cu rv es  o b ta in e d  a f t e r  c o o l in g  and h e a t in g  
A llo y  4 th ro u g h  th e  m a r t e n s i t i c  t r a n s fo rm a t io n  ra n g e  i s  shown i n  F ig u re  18 .
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F ig u re  17* Cu-Zn-Al c o n s t i t u t i o n  diagram  i l l u s t r a t i n g  th e  l o c a t io n  
o f  th e  a l lo y s  t a b u la te d  i n  T ab le  5*
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F ig u re  18. The ty p i c a l  form o f  th e  h e a t in g  and  c o o lin g  d i f f e r e n t i a l  
th e rm a l a n a ly s i s  curve ov er th e  m a r t e n s i t i c  t r a n s fo rm a t io n  in  A llo y  k.
From a  p a i r  o f  c u rv e s , such  a s  th o se  p r e s e n te d  in  F ig u re  18, i t  i s
p o s s ib le  to  o b ta in  a  number o f  c h a r a c t e r i s t i c  te m p e ra tu re s .  On c o o lin g ,
th e  i n i t i a l  d e v ia t io n  from  th e  h o r i z o n ta l  b ase  l i n e  r e p r e s e n t s  th e
h e a t  e v o lv ed  by th e  f i r s t  m a r te n s i te  p l a t e s  t c  form  and t h i s  d e f in e s
th e  m a r te n s i te  s t a r t  te m p e ra tu re  (Ms ) .  However th e  i n i t i a l  m a r te n s i te
to  form  may n o t  be t y p i c a l  o f  th e  b u lk  o f  th e  s t r u c t u r e  and  i t  h a s  been
r e c e n t ly  p ro p o se d  t h a t  f a c t o r s  such  a s  quench ing  s t r a i n s ,  s u r f a c e
d e z i n c i f i c a t i o n  and  specim en p r e p a r a t io n  may p la y  a  m ajo r r o l e  i n
(11*0d e te rm in in g  th e  te m p e ra tu re  a t  w hich th e s e  i n i t i a l  p l a t e s  form  • 
B ecause o f  such  c o n s id e r a t io n s ,  in  t h i s  work th e  b e g in in g  o f  th e  t r a n s ­
fo rm a tio n  i s  r e p r e s e n te d  by th e  te m p e ra tu re  a t  w hich th e  DTA t r a c e  
d e v ia te s  from  th e  b ase  l i n e  by an  amount c o rre sp o n d in g  to  o f  th e
t o t a l  h e ig h t  o f  th e  p e a k ; . and t h i s  te m p e ra tu re  i s  g iv e n  th e  sym bol M*.s
The ra n g e  o v er w hich th e  t r a n s fo rm a t io n  ta k e s  p la c e  was fo u n d  to  
v a ry  s l i g h t l y  depend ing  upon p r i o r  h e a t  t r e a tm e n t ,  so a  M* te m p e ra tu re  
i s  d e f in e d  w hich r e p r e s e n t s  th e  te m p e ra tu re  a t  h a l f  th e  p eak  h e ig h t .
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N ear th e  f i n i s h  o f  th e  t r a n s fo rm a tio n  th e  DTA t r a c e  a t te m p ts  to  r e t u r n  
to  th e  b ase  l i n e .  The consequence o f  t h i s  i s  t h a t  th e  te m p e ra tu re  
r e p r e s e n t in g  th e  f i n i s h  o f  th e  t r a n s fo rm a t io n  i s  v e ry  d i f f i c u l t  to  
d e te rm in e  b ecau se  th e  sm a ll d eg ree  o f  th e rm a l a c t i v i t y  a s s o c ia t e d  w ith  th e  
l a s t  m a r te n s i te  p l a t e s  to  form  i s  masked by th e  r e t u r n  o f  th e  cu rv e  to  
th e  b ase  l i n e .  The p eak  te m p e ra tu re  M* was th e r e f o r e  u se d  a s  an  a r b i t r a r y  
means o f  r e p r e s e n t in g  th e  f i n i s h  o f  th e  t r a n s fo rm a t io n .
The form o f  th e  r e v e r s e  t r a n s fo rm a t io n  DTA curve fo u n d  on h e a t in g
i s  s l i g h t l y  d i f f e r e n t  to  t h a t  o b se rv e d  d u r in g  th e  fo rw a rd  t r a n s f o r m a t io n
sind th e  r e v e r s io n  s t a r t  te m p e ra tu re  i s  l e s s  e a s i l y  d e f in e d . However
th e  1% d e v ia t io n  from th e  b ase  l i n e  c r i t e r i o n  i s  once a g a in  u se d  and
t h i s  te m p e ra tu re  i s  r e p r e s e n te d  by th e  sym bol A*. The o th e r  r e v e r s io ns  c
c h a r a c t e r i s t i c  te m p e ra tu re s ,  A* and A* a re  d e f in e d  in  th e  same way a s
t h e  e q u i v a l e n t  t e m p e r a t u r e s  f o r  t h e  fo r w a r d  t r a n s f o r m a t i o n .
I t  s h o u ld  be a p p r e c ia te d  t h a t  th e  c h a r a c t e r i s t i c  te m p e ra tu re s  
s u f f ix e d  w ith  an a s t e r i s k  a re  n o t e n t i r e l y  c h a r a c t e r i s t i c  o f  th e  t r a n s ­
fo rm a tio n  b u t  may a l s o  be a  f u n c t io n  o f  f a c t o r s  such  a s  specim en m ass, 
h e a t in g  o r  c o o lin g  r a t e ,  a p p a ra tu s  s e n s i t i v i t y  e t c .  I f  such  f a c t o r s  
a re  k e p t c o n s ta n t  how ever, such  a r b i t r a r i l y  d e f in e d  c h a r a c t e r i s t i c  tem p­
e r a t u r e s  p ro v e  m ost v a lu a b le  when com paring th e  t r a n s fo rm a tio n  b e h a v io u r  
o f  specim ens g iv e n  d i f f e r e n t  a g e in g  t r e a tm e n ts .
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The h e a t s  o f  t r a n s fo rm a tio n  may be q u a n t i t a t i v e l y  d e te rm in e d  
from  th e  a r e a s  u n d er th e  DTA p e a k s . A c a l i b r a t i o n  c o n s ta n t  f o r  th e  DTA 
c e l l  was d e te rm in e d  u s in g  th e  m e ltin g  o f  indium  a s  a  s ta n d a rd .  ’’The 
a r e a  o f  th e  p eak s  c o u ld  be d e te rm in e d  to  an a c c u ra c y  o f  b e t t e r  th a n  + 5^  
u s in g  a  m apping p la n im e te r .
4 .5 .2  The i n t e r p r e t a t i o n  o f  abnorm al th e rm a l a n a ly s i s  cu rv es
I n  c a s e s  where th e  m a r t e n s i t i c  t r a n s fo rm a t io n  o r  r e v e r s io n  i s  
s e p a r a te d  in to  two o r  more ra n g e s ,,  a s  i l l u s t r a t e d  i n  F ig u re  46, th e  
r e l e v a n t  DTA p eak s  i n t e r f e r e  w ith  each  o th e r .  C o n seq u en tly  v e ry  slow  
h e a t in g  and  c o o lin g  r a t e s  a re  n e c e s s a ry  to  d e f in e  c h a r a c t e r i s t i c  
te m p e ra tu re s  f o r  each  t r a n s fo rm a tio n  ra n g e . The d e te rm in a tio n  o f  th e  
t o t a l  h e a t  o f  t r a n s fo rm a tio n  ov er th e  s p l i t  t r a n s fo rm a t io n  ra n g e  i s  
p o s s ib le ,  a l th o u g h  o n ly  a  rough  ap p ro x im a tio n  o f  th e  r e l a t i v e  c o n t r ib u t io n s  
o f  th e  v a r io u s  t r a n s fo rm a tio n  ra n g e s  may be o b ta in e d .
I n  th e  case  w here an end o th erm ic  m a r te n s i te  r e v e r s io n  p eak  o v e r ­
la p s  some d eg ree  o f  ex o th e rm ic  a c t i v i t y  i n  th e  p a r e n t  p h a se , th e  c o n t r i ­
b u t io n s  o f  th e  v a r io u s  e n e rg ie s  becomes v e ry  d i f f i c u l t  to  d e te rm in e .
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To overcome t h i s ,  a l lo y s  w ith  m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re s  
s u f f i c i e n t l y  low to  a v o id  any in te r f e r e n c e  betw een  th e  v a r io u s  a r e a  o f  
th e rm a l a c t i v i t y  w ere s p e c i f i c a l l y  chosen  f o r  th e  p r e s e n t  i n v e s t i g a t i o n .
An exam ple o f  such  an  a l lo y  i s  A llo y  4 , in  w hich m ost o f  th e  th e rm a l
a c t i v i t y  a s s o c ia te d  w ith  th e  m a r t e n s i t i c  t r a n s fo rm a tio n  o c c u rs  below  
283K ( 10°C) and a d d i t i o n a l  ex o th e rm ic  a c t i v i t y ,  u n r e la te d  to  th e  
m a r t e n s i t i c  t r a n s fo rm a t io n ,  i s  fo u n d  to  o ccu r above 293K ( 20°C ).
h.G O ther e x p e r im e n ta l te c h n iq u e s
M ost o f  th e  te c h n iq u e s  u sed  in  t h i s  s tu d y  a re  s ta n d a rd  m ethods o f  
m e ta l l u r g ic a l  in v e s t i g a t io n  and  r e q u i r e  no f u r t h e r  e l a b o r a t io n  h e r e .  I t  
i s  f e l t  w o rth w h ile  how ever to  d is c u s s  some o f  th e  p a r t i c u l a r  p rob lem s 
a s s o c ia te d  w ith  two o f  th e  e x p e r im e n ta l te c h n iq u e s  u sed  i n  th e  p r e s e n t  
work.
^f. 6.1  X -ray  d i f f r a c t i o n
P re v io u s  w ork ers  have a l re a d y  c h a r a c te r i s e d  many o f  th e  s t r u c t u r a l
* f ^  7^1
f e a t u r e s  o f  th e  th e rm o e la s t ic  t r a n s fo rm a t io n  i n  b e ta  b r a s s  ty p e  a l lo y s
The s t r u c t u r e  o f  th e  b e ta  ty p e  m a r te n s i te  w hich form s from  th e  o rd e re d
b e ta  p h ase  may be ap p ro x im ated  to  a  t e t r a g o n a l  s t r u c t u r e T h e  c /a
r a t i o  o f  t h i s  t e t r a g o n a l  s t r u c t u r e  can be d e te rm in e d  by u s in g  m ethods
d ev e lo p ed  by D elaey  and h i s  cow orkers, and w hich a r e  b a se d  upon th e
m easurem ent o f  th e  s e p a r a t io n  betw een th e  0 2 2 ) a n d ( 202 ) l a t t i c e  r e f l e c t i o n s .
X -ray  d i f f r a c t i o n  powder te c h n iq u e s  w ere th o u g h t to  be p a r t i c u l a r l y  
u n s u i ta b le  f o r  d e te rm in in g  th e  in f lu e n c e  o f  a g e in g  e f f e c t s  on e i t h e r  
th e  m a r te n s i te  o r  p a r e n t  p h ase  s t r u c t u r e s .  Any a t te m p t to  f i l e  pow ders 
d i r e c t l y  from  as-q u en ch ed  b u lk  specim ens m ust r e s u l t  i n  th e  fo rm a tio n  
o£ s t r e s s  in d u c ed  m a r te n s i te ,  th e  p re se n c e  o f  w hich i n t e r f e r e s  w ith  
th e  s tu d y  o f  th e  m a r t e n s i t i c  t r a n s f o r m a t io n .  F u rth e rm o re , i f  pow ders 
th e m se lv es  a re  quenched from  th e  s o lu t i o n  t r e a tm e n t  te m p e ra tu re  th e r e  
i s  a  danger o f  d e z i n c i f i c a t i o n ,  s i n t e r i n g  and n o n -u n ifo rm  c o o l in g  r a t e s  
th ro u g h o u t th e  pow der. O ther re a s o n s  why powder te c h n iq u e s  a r e  p a r t i c u l a r l y  
u n s u i ta b le  i n  t h i s  case  a re  t h a t  th e  la r g e  s u r f a c e  a r e a  found  i n  pow ders 
te n d s  to  enhance d i f f u s io n  k i n e t i c s  and a ls o  en co u ra g es  th e  fo rm a tio n  o f  
s u r fa c e  m a r te n s i te ,  a t y p ic a l  o f  th e  b u lk  s t r u c t u r e .
I t  was th e r e f o r e  n e c e s s a ry  to  u se  b u lk  specim ens in  th e  i n v e s t i g ­
a t io n  o f  m a r te n s i te  and p a r e n t  p h ase  s t r u c t u r e .  P re l im in a ry  work in d i c a te d  
t h a t  a  v e ry  s t r o n g  c r y s ta l io g r a p h ic  te x tu r e  was p r e s e n t  i n  th e  1mm th ic k  
r o l l e d  s h e e t .  To m in im ise th e  in f lu e n c e  o f  te x tu r e  on th e  X -ray  d i f f r a c t i o n  
i n t e n s i t i e s ,  a  s p in n in g  s ta g e  was u sed  i n  th e  d i f f r a c to m e te r .
Copper k a  r a d i a t i o n  ( f i l t e r e d  w ith  n ic k e l )  was u se d  a t  J>6KeV and 
20mA. A s ta n d a rd  P h i l i p s  d i f f r a c to m e te r  was u se d  w ith  th e  f a c i l i t y  f o r  
e i t h e r  c o n tin o u s  a n g u la r  sc a n n in g  o r  s te p  c o u n tin g . The a p p a ra tu s  was 
c a l i b r a t e d  u s in g  a  pow dered s i l i c o n  s ta n d a rd  and th e  p eak  p o s i t i o n s  
d e f in e d  by c o n s id e r in g  t h e i r  m ed ians.
As p r e d ic te d  in  C h ap te r 2 b e ta  p h ase  s u p e r l a t t i c e  r e f l e c t i o n s  
c o u ld  n o t be d e te c te d  in  any o f  th e  a l lo y s .  F u rth e rm o re , s in c e  a l l  th e  
s t r u c t u r a l  changes u n d er in v e s t ig a t io n  o ccu re d  a f t e r  q u i te  s h o r t  tim e s  
a t  room te m p e ra tu re , th e re  was i n s u f f i c i e n t  tim e a v a i la b l e  to  c o l l e c t  
th e  n e c e s s a ry  number o f  co u n ts  f o r  a  s tu d y  o f  any low te m p e ra tu re  a g e in g  
e f f e c t s .  The u se  o f  low te m p e ra tu re  X -ray  te c h n iq u e s  was p re v e n te d  by
j
th e  m a r t e n s i t i c  tr a n s fo rm a tio n ,  w hich w ould o f  co u rse  have o b sc u re d  a l l  
th e  p a r e n t  b e ta  p h ase  s t r u c t u r a l  f e a t u r e s .
4 . 6 . 2  M eta llograp h ic  tech n iq u es
Care was e x e r c is e d  to  p re v e n t  th e  m o d if ic a t io n  o f  th e  p a r e n t  o r  
m a r te n s i te  s t r u c t u r e  a s  th e  r e s u l t  o f  specim en p r e p a r a t io n .  The two 
m ost l i k e l y  p rob lem s a re  th e  fo rm a tio n  o f  s t r e s s  in d u c ed  m a r te n s i te  
on th e  p o l i s h e d  s u r f a c e  and  th e  f r i c t i o n a l  h e a t in g  o f  m a r te n s i te  d u r in g
p o l i s h in g  w hich may r e s u l t  i n  i t s  r e v e r s io n .
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T hree m ajor m ethods were u s e d .to  s tu d y  th e rm o e la s t ic  a l l o y s :
F i r s t l y  p o l i s h in g  and e tc h in g  w ith  a  s u i t a b l e  r e a g e n t  such  a s  f e r r i c . 
c h lo r id e  o r  ammonium p e r s u lp h a te .  S econd ly , s in c e  th e  t e t r a g o n a l i t y  
o f  th e  m a r te n s i te  i s  s u f f i c i e n t  to  p roduce  th e  o p t i c a l  b i r e f l e c t a n c e  
n e c e s s a ry  to  g e n e ra te  th e  r e q u i r e d  c o n t r a s t  be tw een  d i f f e r e n t  m a r te n s i te
v a r i a n t s ,  p o l a r i s e d  l i g h t  te c h n iq u e s  were u se d  on p o l i s h e d  s u r f a c e s  
w ith o u t th e  n e c e s s i ty  o f  e tc h in g  th e  s u r f a c e .  F in a l ly  th e  s u r f a c e  r e l i e f  
w hich accom panied b o th  th e  fo rw a rd  and  r e v e r s e  t r a n s fo rm a t io n s  was 
o b se rv ed  on p o l is h e d  s u r f a c e s  o f  b o th  th e  p a r e n t  and p ro d u c t p h a se s  
a f t e r  t r a n s fo rm a t io n .
CHAPTER 5
RESULTS
3 .1  I n t r o  d u c t io n
P re l im in a ry  o b s e rv a t io n s  o f  th e  m a r t e n s i t i c  t r a n s f o r m a t io n  i n  
b e t a  p h ase  Cu-Zn-Al . a l lo y s  im m ed ia te ly  a f t e r  quench ing , in d i c a t e d  t h a t  
even  a t  room te m p e ra tu re , ag e in g  p ro c e s s e s  w ere p r e s e n t  w hich  in f lu e n c e d  
b o th  th e  c h a r a c t e r i s t i c  t r a n s fo rm a t io n  te m p e ra tu re s  and  th e  a b i l i t y  o f  
th e  m a r te n s i te  to  r e v e r s e  back  to  th e  b e ta  p h a s e . These i n i t i a l  o b s e r ­
v a t io n s  ap p e a r to  be r e l a t e d  to  th e  num erous ano m alie s  r e p o r t e d  i n  
s im i la r  a l l o y  sy s te m s , and  w hich a re  o u t l in e d  in  S e c t io n s  3 .6  and  3*7*
To f a c i l i t a t e  e x p e r im e n ta tio n , a l lo y s  w ith  M te m p e ra tu re s  belows
room te m p e ra tu re  w ere u se d  to  i n v e s t i g a t e  th e  th e rm a lly  a c t i v a t e d  
p ro c e s s e s  p r e s e n t  in  th e  b e ta  p h a se , w h i l s t  a g e in g  p ro c e s s e s  i n  th e  
m a r te n s i te  p h ase  w ere in v e s t ig a t e d  u s in g  a l lo y s  h a v in g  Ms  te m p e ra tu re s  - 
above room te m p e ra tu re .
S e c t io n s  3*2 and  3*3 d e a l w ith  a g e in g  i n  th e  p a r e n t  an d  m a r te n s i te  
p h a se s  r e s p e c t iv e l y ,  w h i l s t  S e c t io n s  5*4 and  3*3 d em o n stra te  th e  s t r u c t ­
u r a l  consequences o f  th e s e  a g e in g  e f f e c t s  and  th e  u n u s u a l phenom ena 
w hich o c c u r when a g e in g  ta k e s  p la c e  i n  th e  two p h ase  ( b e ta  p lu s  m a r te n s i te )  
c o n d i t io n .
B efo re  em barking on a  s tu d y  o f  th e  in f lu e n c e  o f  a g e in g , we s ^ a lL  
c o n s id e r  th e  c h a r a c t e r i s t i c  te m p e ra tu re s  and  h e a t s  o f  t r a n s f o r m a t io n ' . 
a s s o c ia t e d  w ith  th e  th e rm o e la s t ic  m a r t e n s i t i c  t r a n s f o r m a t io n .  Two 
specim ens o f  A llo y  3 w ere 'q u en ch ed  from  1123K ( 830°C) to  room te m p e ra tu re  
and th e n  h e ld  a t  323& (30°C) f o r  one h o u r , a  t r e a tm e n t  n e c e s s a ry  to  
p re v e n t  th e  in t e r f e r e n c e  o f  m a r te n s i te  a g e in g  e f f e c t s .  D i f f e r e n t i a l  
th e rm a l a n a ly s e s  w ere p e rfo rm ed  on b o th  o f  th e s e  specim ens and  c u rv e s  
w ere o b ta in e d  s im i la r  to  th o se  i l l u s t r a t e d  i n  F ig u re  18 . From  th e s e
r e s u l t s ,  th e  c h a r a c t e r i s t i c  t r a n s fo rm a tio n  te m p e ra tu re s ,  M* , M* , M* , 
A* , A* and th e  h e a t s  o f  t r a n s fo rm a t io n  f o r  b o th  th e  fo rw ard  and
r e v e r s e  t r a n s f o r m a t io n ,  AHP ~<"m(ex p ) a n d - AH01^  (exp ) wer e  d e te rm in e d  
and t h i s  d a ta  i s  g iv e n  i n  ' T ab le  7*
Specim en
no.
.......................... ■................................................ ..... ................( tTrnnl  ^) _________
M*s M*m M* A*s A*m A* AH^)_^ m(exp) AHm~ "P (exp)
1 313 310 301 303 31^ 319 323 - 3 ^
2 31V 309 299 303 313 321 306 327
T ab le  7« C h a r a c t e r i s t i c  t r a n s fo rm a tio n  te m p e ra tu re s  and  h e a t s  o f  fo rm a tio n  
f o r  A llo y  3«
3 .2  P o s t quench t r a n s fo rm a tio n  te m p e ra tu re  s h i f t s
In  t h i s  C h ap te r we s h a l l  c o n s id e r  th e  in f lu e n c e  o f  two d i f f e r e n t  
ty p e s  o f  h e a t  tr e a tm e n t  on th e  m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re s .
T rea tm en t (A) Quench from th e  b e ta  p h ase  s o lu t io n  t r e a tm e n t te m p e ra tu re  
1123K ( 830°C) in to  ic e d  w a te r  a t  273& ( 0°C ). T h is  i s  
th e n  fo llo w e d  by an ag e in g  t r e a tm e n t  in  th e  te m p e ra tu re  
ran g e  303K-3V3K (30°C -70°C ). ...
T rea tm en t (B) T rea tm en t (A) fo llo w e d  by an in te rm e d ia te  a n n e a lin g  t r e a t ­
ment i n  th e  te m p e ra tu re  ran g e  373^-^73  K ( '100°C -200° C ) . T h is  
i s  th e n  fo llo w e d  by f u r th e r  ag e in g  tr e a tm e n t  o f  th e  ty p e  
d e s c r ib e d  i n  T rea tm en t (A ).
3*2.1 M a r te n s i t ic  t r a n s fo rm a t io n  te m p e ra tu re  s h i f t s  a f t e r  quen ch in g  
T rea tm en t (A)
Sam ples o f  A llo y  k w ere quenched from  1123& ( 830°C) in t o  w a te r  
h e ld  a t  273& (0°C ). Such a  tr e a tm e n t  y ie ld e d  a  f u l l y  b e t a  p h a se  s t r u c t u r e  
w ith  a  l a r g e  ( > 1mm) g r a in  s i z e .  The specim ens w ere th e n  t r a n s f e r r e d  
to  w a te r  b a th s  h e ld  a t  th e  r e q u i r e d  a g e in g  te m p e ra tu re s .  The m a r t e n s i t i c  
t r a n s fo rm a t io n  te m p e ra tu re s  w ere d e te rm in e d  by th e rm a l a n a l y s i s  a f t e r  
v a r io u s  a g e in g  tim e s  and  F ig u re  19 i l l u s t r a t e s  th e  in c r e a s e  i n  th e  
t r a n s fo rm a tio n  te m p e ra tu r e s . M* and A3 f o r  a  specim en g iv e n  s u c c e s s iv e ly  
lo n g e r  a g e in g  t r e a tm e n ts  a t  312K ( 39°C) im m ed ia te ly  a f t e r  q u en ch in g .
The t r a n s fo rm a tio n  ra n g e s  f o r  b o th  th e  fo rw ard  and  r e v e r s e  t r a n s f o r m a t io n s y
(M* -  M*) and  (A* -  A *), and th e  t r a n s fo rm a tio n  h y s t e r e s i s  (A* -  M*) a r es  x x s  m m
p l o t t e d  a g a in s t  tim e a t  312K (3 9 °C) in  F ig u re  20 .
To d e te rm in e  th e  a c t i v a t io n  e n e rg y , Q^, f o r  th e  decay  p r o c e s s ,  a  • 
s e r i e s  o f  s im i la r  ex p e rim en ts  w ere c a r r i e d  o u t  a t  d i f f e r e n t  a g e in g  
te m p e ra tu re s .  The in c r e a s e s  o b se rv e d  i n  th e  M* te m p e ra tu re  a f t e r  a g e in g  
a t  3^2K, 325K and 339*3^ (39°C -66 .5°C ) a r e  i l l u s t r a t e d  i n  F ig u re  2 1 .
The tim e s  r e q u i r e d  f o r  th e  M* te m p e ra tu re  to  r e a c h  a  v a lu e  c o r re s p o n d in g  
to  10K below  th e  a sy m p to tic  v a lu e  w ere r e c o rd e d  f o r  eac h  a g e in g  te m p e ra tu r e .  
These v a lu e s ,  when p l o t t e d  a c c o rd in g  to  an  A rrh e n iu s  r e l a t i o n s h i p ,  s e e  
F ig u re  22 , y ie ld e d  an  a c t iv a t io n  e n e rg y , o f  8 6 :+^  9 kJm ol _. P o s s ib le  
i n t e r p r e t a t i o n s  o f  t h i s  a c t i v a t io n  en e rg y  w i l l  be c o n s id e re d  i n  C h a p te r  6 .
3 .2 .2  M a r te n s i t ic  t r a n s fo rm a tio n  te m p e ra tu re s  a f t e r  a n n e a l in g  t r e a tm e n ts  
T rea tm en t (B)
The fo llo w in g  ex p e rim e n ts  w ere p e rfo rm e d  i n  an  a t te m p t to  r e l a t e  
any p o s s ib le  ag e in g  e f f e c t s  a f t e r  in te rm e d ia te  a n n e a l in g  t r e a tm e n ts  i n  
th e  ra n g e  373K-^7^K (100°C-200°C) to  th o s e  o b se rv e d  im m e d ia te ly  a f t e r  
quench ing  from  th e  h ig h  te m p e ra tu re  b e ta  p h ase  f i e l d .
-270K
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F igure ' 19« T ra n s fo rm a tio n  te m p e ra tu re  s h i f t s  i n  A llo y  V  a f t e r  a g e in g
a t  J12K im m ed ia te ly  a f t e r  quenching  from  1123K.
A Af _A 5
w *-» Am“ Mw
o
10
^Time
F ig u re  20 . The in f lu e n c e  o f  a g e in g  tim e on th e  t r a n s f o r m a t io n  ra n g e s  and
100
th e  therm al h y s t e r e s i s  o f  th e  m a r t e n s i t i c  t r a n s fo rm a tio n  i n  A llo y  h.
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- Figure 21. The influence of ageing temperature on the transformation 
temperature shifts in Alloy h-.
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F ig u r e  2 2 .  The A r r h e n iu s  p l o t  o b t a i n e d  fro m  F ig u r e  2 1 .
Specim ens o f  A llo y  b w ere quenched from  1123K ( 850°C) to  273^
(0°C) and  th e n  aged  a t  323K (30°C) u n t i l  ( a c c o rd in g  to  F ig u re  21) c o n s ta n t  
c h a r a c t e r i s t i c  t r a n s fo rm a tio n  te m p e ra tu re s  w ere re a c h e d . T hese spec im ens 
w ere th e n  h e ld  f o r  v a r io u s  tim e s  a t  d i f f e r i n g  in te rm e d ia te  h e a t  t r e a tm e n t  
te m p e ra tu re s  above 373K ( 100°C ) and  th e n  quenched in to  l i q u i d  n i t r o g e n ;  
a t  w hich te m p e ra tu re  f u r t h e r  th e rm a lly  a c t i v a t e d  p ro c e s s e s  w ould  n o t  be 
e x p e c te d . 'Such -a 1 :
These t r e a tm e n ts  ( a n n e a l in g  above 373*0 w ere found  to  p ro d u ce  
d e p re s s io n s  i n  th e  m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re s ;  and  th e  
r e l a t i o n s h i p  betw een h e a t  t r e a tm e n t  te m p e ra tu re  and th e  d e p re s s io n  o f .  
th e  M* te m p e ra tu re  i s  i l l u s t r a t e d  i n  F ig u re  23 . Only v e ry  b r i e f  h e a t  
t r e a tm e n ts  ( < 3  m in u te s )  w ere p o s s ib le  a t  te m p e ra tu re s  above bj^K. (160°C ) 
b ecau se  o f  th e . e q u i l ib r iu m  a lp h a  p h ase  p r e c i p i t a t i o n  w hich te n d e d  to  
o c c u r . N e v e r th e le s s  F ig u re  2b i l l u s t r a t e s  t h a t  even a t  te m p e ra tu re s  a s  
low a t  393K (120°C) 3 m in u tes  i s  s u f f i c i e n t  tim e  to  p ro d u ce  a  maximum 
c o n s ta n t  d e p re s s io n  o f  th e  M* te m p e ra tu re .
The t r a n s fo rm a tio n  te m p e ra tu re s  m easured  im m ed ia te ly  a f t e r  th e  
in te rm e d ia te  h e a t  t r e a tm e n ts  above 373^ ( 100°C) w ere fo u n d  to  r e t u r n  to  1 
t h e i r  o r i g i n a l  te rm in a l  v a lu e s  a f t e r  a g e in g  in  th e  ra n g e  300K-330K 
( 27°C -77°C ); in  th e  same manner a s  th e  a s-q u en ch ed  specim ens s u b je c te d  
to  T rea tm en t (A ). F ig u re  23 i l l u s t r a t e s  th e  in c re a s e  i n  th e  c h a r a c t e r i s t i c  
te m p e ra tu re s  M* and  A* a f t e r  a g e in g  a  spec im en , p r e v io u s ly  t r e a t e d  a t  
V13K (140°C) f o r  3 m in u te s , a t  33&K (6 3 °C ). The in f lu e n c e  o f  a g e in g ' 
tim e on th e  t r a n s fo rm a tio n  ra n g e s  and  th e rm a l h y s t e r e s i s  o f  th e  t r a n s ­
fo rm a tio n  i s  i l l u s t r a t e d  i n  F ig u re  23.
S im ila r  ex p e rim e n ts  were p e rfo rm e d  a t  fo u r  d i f f e r e n t  a g e in g  
te m p e ra tu re s  and th e  v a r i a t i o n  o f  M* w ith  a g e in g  tim e i s  shown i n  F ig u re  27* 
The a c t i v a t i o n  en erg y  f o r  t h i s  a g e in g  p ro c e s s  was d e te rm in e d  i n  th e  same 
fa s h io n  a s  f o r  th e  a s-q u en ch ed  case  (T rea tm en t A) and  a  v a lu e  o f  , _  1,
7b + 1 2  k J m o l”*^  o b t a i n e d  fro m  t h e  A r r h e n iu s  p l o t  sh ow n  i n  F i g u r e  2 8 .
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F ig u re  23* The in f lu e n c e  o f  in te rm e d ia te  h e a t  t r e a tm e n t  te m p e ra tu re  
(T rea tm en t B) on th e  d e p re s s io n  o f  th e  M* te m p e ra tu re  i n  A llo y  4 .
20
10  15
Tim e (mins)
20
F ig u re  24. The in f lu e n c e  o f  in te rm e d ia te  h e a t  t r e a tm e n t  tim e  (T re a tm e n t B)
a t  393K (120°C) on th e  d e p re s s io n  o f  th e  M* te m p e ra tu re  i n  A llo y  4 .
5 .2 .3  A d d it io n a l  th e rm a l phenomena found  in  th e  b e ta  p h ase
I n  a d d i t io n  to  th e  th e rm a l e f f e c t s  d i r e c t l y  a s s o c ia t e d  w ith  th e  
m a rten s’i t i c  t r a n s fo rm a t io n ,  th e r e  was a l s o  c o n s id e ra b le  e x o th e rm ic  
a c t i v i t y  o v e r th e  te m p e ra tu re  ran g e  273&-333K ( 0°C -60°C) when spec im ens 
o f  A llo y  4 , e x h ib i t i n g  d e p re s se d  t r a n s fo rm a tio n  te m p e ra tu re s  (T re a tm e n t A ), 
w ere h e a te d .  F ig u re  29 , cu rve  ( a ) ,  i l l u s t r a t e s  t h i s  phenom enon. The 
m agnitude o f  t h i s  ex o th e rm ic  a c t i v i t y  i n  th e  b e ta  p h ase  a p p e a rs  to  be 
r e l a t e d  to  th e  amount o f  tr a n s fo rm a tio n  te m p e ra tu re  d e p re s s io n ,  a s  may be 
s e e n  in  F ig u re  JO."' " • .
A llo y s  p o s s e s s in g  d e p re s se d  c h a r a c t e r i s t i c  t r a n s fo rm a t io n  tem p­
e r a t u r e s  a s  th e  r e s u l t  o f  T rea tm en t (B) were a l s o  found  to  e x h i b i t  some 
deg ree  o f  ex o th e rm ic  a c t i v i t y  on h e a t in g ,  a s  i l l u s t r a t e d  i n  F ig u re  29? 
cu rve ( b ) .  The reduced  th e rm a l a c t i v i t y  found  a f t e r  t r e a tm e n t  (B ), com pared 
w ith  t h a t  found  a f t e r  T rea tm en t (A ), may be e x p la in e d  by  th e  f a s t e r  : 
k i n e t i c s  found  in  th e  l a t t e r  c a s e .  A sam ple o f  A llo y !4 , when t r e a t e d  
. to  y ie ld ;  te rm in a l ' - .(maximum) m a r t e n s i t i c  tr a n s fo rm a tio n  te m p e ra tu re s  
p ro d u ced  no such  h e a t  e v o lu t io n .  T h is  i s  d em o n stra ted  i n  F ig u re  29 5 cu rv e  (
I f  sam ples g iv e n  any o f  th e  above tr e a tm e n ts  a re  h e a te d  to  h ig h e r  
te m p e ra tu re s ,  some en d o th erm ic  a c t i v i t y ,  s t a r t i n g  a t  350K ( 77° ^ )?  r e a c h in g  
a  maximum a t  375K ( 102°C) and  th e n  g ra d u a l ly  d e c r e a s i n g , ! i s  o b se rv e d  
a s  th e  te m p e ra tu re  in c r e a s e s .  P a r t  of. a  th e rm a l a n a ly s i s  t r a c e  f o r  a - ’ :: 
specim ehvpf s A llo y  4 ,  .p re v io u s ly  h e a t  t r e a te d , . to  y i e l d  c o n s ta n t  t e r m i n a l  
'■■■■transformation'' tp m p e ra ti i ie s " is -  i l l u s t r a t e d  in  'F ig u r e ' 3 1 . ; T h is  a l s o ’ s e r v e s  
t o - i l l u s t r a t e  th e  'b e ta 'p h a s e  th e rm a l a c t i v i t y  shown i n  F ig u re  29 .
5 .2 .4  The in f lu e n c e  o f  alum inium  c o n te n t
 ...... ....To d e te rm in e  th e  in f lu e n c e  o f  alum inium  c o n te n t  on th e  a g e in g
b eh a v io u r o f  Cu-Zn-Al b e ta  p h a s e s ,  two f u r th e r  a l l o y s ,  A llo y  1 an d  A llo y  2 , 
c o n ta in in g  ab o u t 2 (a t)%  and 4(at)?£  alum inium  r e s p e c t iv e l y  w ere s tu d i e d  . 
F ig u re  32 i l l u s t r a t e s  th e  d e p re s s io n  o f  th e  c h a r a c t e r i s t i c  t r a n s f o r m a t io n
Time ( minutes )
F ig u re  25- The in f lu e n c e  o f  a g e in g  tim e  a tT 56K (6 5 °C) on th e  M* and  Am
te m p e ra tu re s  i n  A llo y  b  a f t e r  an  a n n e a lin g  t r e a tm e n t  akb'IJtK (1 ^ 0 °C ).
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F ig u re  26 . The in f lu e n c e  o f  a g e in g  tim e a t  J>J>6K (63°C ) on  th e  t r a n s f o r m a t io n ,  
ran g e  and th e rm a l h y s t e r e s i s  e x h ib i te d  by A llo y  b  a f t e r  in te r m e d ia te  h e a t  
t r e a tm e n t  a t  4-13K ( l iH3°C).
1 0 ^  i 0 °
- Time ( Minutes)
F ig u re  27 . The in f lu e n c e  o f  ag e in g  te m p e ra tu re  on th e  M* te m p e ra tu re  
s h i f t s  o b se rv ed  a f t e r  in te rm e d ia te  h e a t  t r e a tm e n t in  A llo y  k.
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F ig u r e  2 8 .  The A r r h e n iu s  p l o t  d e r i v e d  fro m  F ig u r e  2 7 .
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F ig u re  29- Therm al a n a ly s i s  h e a t in g  cu rv es  i l l u s t r a t i n g  th e rm a l e f f e c t s  
i n  A llo y  k.
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J5C)* The c o r r e l a t i o n  betw een  th e  M* d e p re s s io n  p ro d u c e d  b y  q u en ch in g  
and  th e  o b se rv ed  h e a t  e v o lu t io n  i n  A llo y  k.
350 K 450K.
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F ig u re  31 . Therm al a n a ly s i s  t r a c e  i l l u s t r a t i n g  some en d o th e rm ic  a c t i v i t y  
i n  th e  b e ta  p h ase  on h e a t in g  a  sam ple o f  A llo y  k  above J>kO¥L (67°C)>
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F ig u re  32 . The in f lu e n c e  o f  alum inium  c o n te n t  on th e  M* d e p re s s io n s  fo u n d  
a f t e r  in te rm e d ia te  h e a t  t r e a tm e n t .
te m p e ra tu re  M* a f t e r  in te rm e d ia te  tr e a tm e n ts  i n  th e  ra n g e  
(67°C-177°C) w ere g iv e n  to  th e s e  a l lo y s .
3*3 P o s t  quench a g e in g  e f f e c t s  i n  th e  m a r te n s i te  p h ase
A s .w e ll a s  th e  b e t a  p h ase  ag e in g  e f f e c t s  w hich have a l r e a d y  b een
i n v e s t i g a t e d , . i t  was a p p a re n t from  i n i t i a l  i n v e s t i g a t io n s  t h a t  th e  m a r te n s i te  
p h ase  was a l s o  p ro n e  to  room te m p e ra tu re  a g e in g  e f f e c t s .  I n  o rd e r  to  
in v e s t i g a t e  p o s t  quench a g e in g  i n  th e  m a r te n s i te  p h a s e , an  a l l o y  e x h ib i t i n g
m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re s  above room te m p e ra tu re  was u s e d , • 
nam ely, A llo y  3* I n  t h i s  s e c t io n  th e  p o o r r e v e r s i b i l i t y  o f  Cu-Zn-A l m a rt­
e n s i t e  a f t e r  low te m p e ra tu re  a g e in g  w i l l  be in v e s t ig a t e d i
3*3*  ^ M a r te n s ite  r e v e r s io n  b e h a v io u r a f t e r  a g e in g
Specim ens o f  A llo y  5 w ere quenched from 1123K (830°C) to  273^ ( 0°C) 
and th e n  h e ld  a t  t h a t  te m p e ra tu re  f o r  v a r io u s  t im e s . T hese specim ens 
w ere th e n  c o o led  to  173^ (-100°C ) and d u rin g  th e  co u rse  o f  th e rm a l 
a n a ly s i s ,  h e a te d  a t  10K p e r  m in u te . F ig u re  33 i l l u s t r a t e s  th e  in f lu e n c e  
o f  ag e in g  a t  273& ( 0°C) a f t e r  quench ing  on th e  m a r te n s i te  r e v e r s io n  
b e h a v io u r . The fo llo w in g  e f f e c t s  a re  a p p a re n ts -
A) An in c re a s e  i n  th e  te m p e ra tu re  ran g e  o v er w hich  m a r te n s i te  
r e v e r s io n  ta k e s  p la c e .
B) A d e c re a se  i n  th e  t o t a l  amount o f  m a r te n s i te  w hich  i s  a b le  to  
r e v e r t  back  to  th e  p a r e n t  p h a se .
When th e  specim ens were th e rm a lly  c y c le d  th r o u g h ; th e  t r a n s f o r m a t io n  
ra n g e , th e  c h a r a c t e r i s t i c  t r a n s fo rm a tio n  te m p e ra tu re s  r e tu r n e d  to  th e  
v a lu e s  e x p e c te d  from  c o n s id e ra t io n s  o f  S e c t io n  3*2
3*3*2 A d d it io n a l  th e rm a l e f f e c t s  .
F ig u re  3^ (c u rv e  b) i s  th e  th e rm a l a n a ly s i s  cu rv e  i l l u s t r a t i n g  
th e  r e v e r s io n  b e h a v io u r  o f  a  sam ple o f  A llo y  3 w hich was a g ed  a t  273&
(0°c) f o r  60 m in u tes  Im m ed ia te ly  a f t e r  q u ench ing  and  th e n  h e a te d  to
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393& ( 120°C) a t  a  r a t e  o f  10K p e r  m in u te . F ig u re  3^ (c u rv e  a )  i l l u s t r a t e s  
th e  b eh a v io u r o f  th e  same specim en a f t e r  c o o lin g  back  th ro u g h  th e  t r a n s ­
fo rm a tio n  ran g e  and r e p e a t in g  th e  th e rm a l a n a l y s i s .  Curve b d e m o n s tra te s  
t h a t  th e  h e a t  a b s o rp t io n  ta k e s  p la c e  i n  a  je rk y  and d is c o n tin u o u s  m anner 
a f t e r  a g e in g  In -  th e  m a r t e n s i t i c  c o n d i t io n ,  w h i l s t  a f t e r  th e rm a l c y c l in g  
th e  r e v e r s io n  ta k e s  p la c e  i n  a  smooth co n tin u o u s  m anner, a s  i l l u s t r a t e d  
i n  cu rve a .
3 . 3 .3  M echan ica l p ro p e r ty  changes a s s o c ia t e d  w ith  m a r te n s i te  a g e in g  ;
S in ce  d e fo rm a tio n  i n  th e rm o e la s t ic  a l lo y s  i s  accommodated by  th e  
fo rm a tio n  o f  s t r e s s  in d u c ed  m a r te n s i te  to g e th e r  w ith  th e  movement o f  
in te r -m a r  t e n s i t e  p l a t e  b o u n d a r ie s , any v a r i a t i o n s  i n  th e  m a r te n s i te  
t r a n s fo rm a tio n  o r  r e v e r s io n  b eh av io u r w i l l  be r e f l e c t e d  i n  th e  m e c h a n ic a l 
p r o p e r t i e s  o f  th e  a l l o y .  A h a rd n e ss  t e s t i n g  te c h n iq u e  ( s e e  S e c t io n  3 * 8 .3 )  
was chosen  to  in v e s t ig a t e  th e  m ech an ica l p ro p e r ty  changes accom panying 
th e  m a r te n s i te  a g e in g  p ro c e s s e s .
F ig u re  33 i l l u s t r a t e s  th e  in c re a s e  in  h a rd n e ss  (VPN 5kg) o f  a  
specim en  o f  A llo y  5 a f t e r  h o ld in g  f o r  v a r io u s  tim es  a t  273& (0°C ) im m edia­
t e l y  a f t e r  q uench ing . Two s o lu t io n  tr e a tm e n t  te m p e ra tu re s  w ere u s e d ,
1176K (903°C) and  IO85K (812°C ), i n  o rd e r  to  d e te rm in e  w h e th e r t h i s  h a s  
any in f lu e n c e  on th e  m a r te n s i te  h a rd n e s s  in c r e a s e .  A lso  i l l u s t r a t e d  
in  F ig u re  33 i s  th e  h a rd n e ss  o f  a  specim en o f  th e  same a l l o y  w hich  h a d  
been  h e ld  f o r  100 m in u tes  a t  323^  ( 30°C) im m e d ia te ly -a f te r  q u en ch in g  
and  th e n  c o o led  to  273^ (0 °C ).
To d e te rm in e  th e  a c t i v a t io n  e n e rg y  f o r  t h i s  th e rm a lly  a c t i v a t e d
in c re a s e  i n  m a r te n s i te  h a rd n e s s ,  s im i la r  e x p e rim en ts  w ere c a r r i e d  o u t  a t
th r e e  d i f f e r e n t  te m p e ra tu re s  a s  i l l u s t r a t e d  i n  F ig u re  3 6 . The A rrh e n iu s
p l o t  d e r iv e d  from t h i s  d a ta  i s  shown i n  F ig u re  37 . An a c t i v a t i o n  e n e rg y  
—1
o f  7^ + 9 Jm ol was found  f o r  t h i s  a g e in g  p r o c e s s .  The s i m i l a r i t y  
betw een t h i s  r e s u l t  and th e  v a lu e s  q u o ted  i n  S e c t io n  5 * 2 .2  f o r  a g e in g
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F ig u re  38 . The in f lu e n c e  o f  ag e in g  te m p e ra tu re  on th e  p o s t  quench 
h a rd n e ss  in c r e a s e s  i n  A llo y  5«
H
ar
dn
es
s 
y
pn
' 3.5
V t i K”1 )x 10-3
F ig u re  57* The A rrh e n iu s  p l o t  d e r iv e d  from  F ig u re  3 8 .
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F ig u re  3 8 . The in f lu e n c e  o f  in d e n to r  lo a d  on th e  m ic ro h a rd n e s s  o f  
i s o l a t e d  m a r te n s i te  p l a t e s  i n  b o th  s t a b l e  and  r e v e r s i b l e  m a r t e n s i te  
i n  A llo y  3»
in  th e  b e ta  p h ase  i s  p ro b a b ly  c o in c id e n ta l  s in c e  i f  th e  same m echanism s 
were o p e ra t in g  in  b o th  p h a s e s ,  th e  a c t i v a t i o n  e n e rg ie s  w ould u n d o u b te d ly  
be d i f f e r e n t .  These a c t i v a t io n  e n e rg ie s  a re  d is c u s s e d  f u r t h e r  i n  
C h ap te r 6 .
; * - - 
5*3*^ A m e ta l lo g ra p h ic  i n v e s t ig a t io n  o f  a g e in g  i n  th e  m a r te n s i te  p h ase
A sam ple o f  A llo y  5 was quenched from 1123& (850°C) in t o  w a te r  
a t  273K (0°C) and h e ld  a t  t h a t  te m p e ra tu re  f o r  10^ m in u te s . U sing  su ch  
a  t r e a tm e n t ,  i t  was p o s s ib le  to  t o t a l l y  s t a b i l i s e  th e  m a r te n s i te  and  
p re v e n t  any r e v e r s io n ;  even  a f t e r  h e a t in g  w e ll  above 373K (100  U ). A 
m ic r o s t r u c tu r a l  i n v e s t i g a t io n  was p e rfo rm e d  to  d e te rm in e  w h e th e r th e r e  
w ere any m ajor d i f f e r e n c e s  betw een t h i s  s t a b l e  m a r te n s i te  and  th e  n o rm al 
r e v e r s ib l e  m a r te n s i te .
Specim ens t y p i c a l  o f  each  ty p e  o f  .^m arten s ite  i n  A lloy; 3'■ 1 
( s t a b l e  and  r e v e r s ib l e )  w ere p o l i s h e d  v e ry  c a r e f u l ly  to  e n s u re  t h a t  
n e i th e r  f r i c t i o n a l  h e a t in g  n o r th e  fo rm a tio n  o f  a  deform ed s u r f a c e  
l a y e r  i n t e r f e r e d  w ith  th e  in v e s t i g a t io n .  The in d iv id u a l  m a r te n s i te  
p l a t e s  co u ld  be o b se rv ed  w ith o u t e tc h in g  by th e  u se  o f  p o l a r i s e d  l i g h t  
m icro sco p y . No a p p re c ia b le  s t r u c t u r a l  d i f f e r e n c e s  w ere o b se rv e d  betw een  
th e  s t a b l e  and  r e v e r s ib l e  m a r te n s i te .  N e v e r th e le s s  th e  h a rd n e s s  o f  th e  
s t a b l e  m a r te n s i te  was found  to  be 215 (VPN 5kg) i n  c o n t r a s t  to  th e  v a lu e  
o f  139 (VPN 5kg) o b ta in e d  from th e  r e v e r s ib l e  m a r te n s i te .
I n d iv id u a l  m a r te n s i te  p l a t e s  i n  b o th  ty p e s  o f  m a r te n s i te  w ere 
s e le c te d  f o r  d e t a i l e d  ex a m in a tio n . I t  was found  t h a t  m ic ro h a rd n e ss  
in d e n ta t io n s  p la c e d  in  th e  c e n tre  o f  th e s e  p l a t e s  y ie ld e d  no d i f f e r e n c e  
i n  h a rd n e ss  betw een th e  two d i f f e r e n t  ty p e s  o f  m a r te n s i te .  F ig u re -  38  
i l l u s t r a t e s  th e  v a r i a t i o n  o f  m ic ro h a rd n ess  (VPN) w ith  i n c r e a s in g  in d e n to r  
lo a d  (and  th e r e f o r e  in c r e a s in g  si£ e . o f - in d e n ta t i o n )  a lo n g  th e  a x i s  o f  
th e  m a r te n s ite  p l a t e s .  T h is  d e m o n stra te s  t h a t  i n  t h i s  p a r t i c u l a r  c a se  a  
50g in d e n to r  lo a d  p ro d u c e s  th e  same h a rd n e s s  f o r  b o th  ty p e s  o f  m a r te n s i te  ,
w hereas a  100g lo a d  produces, a  h a rd n e ss  d i f f e r e n c e  betw een  th e  two ty p e s  
o f  m a r te n s i te  com parable to  th e  m acro -h a rd n ess  (5kg) r e s u l t s  i l l u s t r a t e d  
i n  F ig u re  35•
To f u r t h e r  in v e s t i g a t e  th e s e  r e s u l t s  a  m e ta l lo g ra p h ic  e x a m in a tio n  
o f  th e  h a rd n e ss  t e s t  in d e n ta t io n s  was p e rfo rm ed '^  F ig u re s  39 an d  40 
a r e  m ic ro g rap h s ta k e n  u n d er p o l a r i s e d  l i g h t ,  w hich i l l u s t r a t e  th e  m icro-; . . .  / 
s t r u c t u r a l  changes a s s o c ia te d  w ith  m ic ro h a rd n ess  in d e n ta t i o n s  i n  
r e v e r s ib l e  m a r te n s i te ,  w h i l s t  F ig u re s  41 and 42 a r e  s i m i l a r  m ic ro g rap h s  
from  a  specim en o f  s t a b l e  m a r te n s i te .  The s t r u c t u r a l  m o d i f ic a t io n s  
a s s o c ia te d  w ith  th e s e  m ic ro h a rd n ess  in d e n ta t io n s  i n  b o th  th e  s t a b l e  and  
r e v e r s ib l e  m a r te n s i te  a re  i l l u s t r a t e d  s c h e m a tic a l ly  i n  F ig u r e s  43(A) and  
43(B) r e s p e c t iv e l y .  The m ajor d i f f e r e n c e s  betw een th e  r e a c t i o n s  to  . 
d e fo rm a tio n  o f  th e  two s t r u c t u r e s  may be sum m arised a s  f o l l o w s : •
I n  th e  s t a b l e  m a r te n s i te  s t r u c t u r e  (F ig u re s  41 an d  42) th e  i n t e r - ,  
m a r te n s i te  p l a t e  b o u n d a r ie s  ap p ea r im m obile. Where a  h a rd n e s s  in d e n ta t i o n  
im pinges upon a  p l a t e  boundary , a  f in e  s t r u c t u r e  c o n s i s t i n g  o f  new :o-r 
m a r te n s i te  v a r i a n t s  form s on e i t h e r  s id e  o f  th e  b o u n d ary . I n  th e  ca se  
o f  th e  r e v e r s ib l e  m a r te n s i te  (F ig u re s  39 and  40) th e  m a r t e n s i te  b o u n d a r ie s  
a re  a b le  to  move i n  such  a  manner a s  to  accommodate th e  s t r a i n  im posed  
by th e  in d e n ta t io n s .  The new v a r i a n t s  w hich form  c lo s e  to  th e  b o u n d a r ie s  
i n  r e v e r s ib l e  m a r te n s i te  seem co n tin u o u s  w ith  th e  s t r u c t u r e  on  e i t h e r  
s id e  o f  th e  boundary . These re g io n s  a r e  m arked (1 )  i n  F ig u r e s  43(A) an d  4 3 (B ). 
F u rth e rm o re , i n  th e  s t a b l e  m a r te n s i te  th e  new m a r te n s i te  v a r i a n t s  w h ich  
form  w ith in  th e  m a r te n s i te  p l a t e s ,  i n  a l l  c a s e s ,  te rm in a te  w i th in  th o s e  
m a r te n s i te  p l a t e s  a t  t h e i r .b o u n d a r ie s .  W hereas i n  r e v e r s i b l e  m a r t e n s i t e ,  
th e s e  f r e s h  v a r i a n t s  a re  cap a b le  o f  t r a v e r s i n g  th e  i n t e r - p l a t e  b o u n d a r ie s .
These r e g io n s  a re  m arked (2 ) in  F ig u re s  43(A) and  4 3 (B ).
From th e s e  r e s u l t s  i t  i s  a p p a re n t t h a t  th e  p o o r m a r t e n s i t e  r e v e r ­
s i b i l i t y  and  th e  a s s o c ia te d  in c re a s e  i n  m a r te n s i te  h a rd n e s s  fo l lo w in g
F ig u re  39« M icrograph  (x l8 o )  o f  r e v e r s ib l e  m a r te n s i te  in  A llo y  5 u n d e r 
p o la r i s e d  l i g h t  and in c lu d in g  m ic ro h ard n ess  in d e n ta t io n s .
F ig u re  40. M icrograph  (x400) a s  f o r  F ig u re  39*
F ig u re  41. M icrograph  ( x 130 ) o f  s t a b l e  m a r te n s i te  in  A llo y  5 u n d e r  
p o la r i s e d  l i g h t  and in c lu d in g  m ic ro h ard n ess  in d e n ta t io n s .
F ig u re  42. M icrograph (x210) as  f o r  F ig u re  41.
F ig u re  S chem atic  diagram  i l l u s t r a t i n g  th e  r e a c t io n  o f  b o th  s t a b l e  (B)
and r e v e r s i b l e  (A) m a r te n s i te  to  in d e n ta t io n .  The key  i s  g iv e n  i n  th e  t e x t .
F ig u re  kk. A r.eg io n  of. a ' t y p i c a l  d if f ra c to g ra m  f o r  A llo y  5 i n  th e  
m a r t e n s i t i c  c o n d i t io n .
p o s t  quench a g e in g  i n  th e  m a r te n s i te  p hase  r e s u l t s  from  th e rm a l ly  
a c t i v a t e d  p ro c e s s e s  w hich i n t e r f e r e  w ith  th e  i n t e r - p l a t e  b o u n d a r ie s  i n  
such  a  way a s  to  re n d e r  them im m obilej e i t h e r  f o r  th e  p u rp o se  o f  
accom m odating d e fo rm a tio n  o r  f o r  m a r te n s i te  r e v e r s io n .
S t r u c t u r a l  changes accom panying a g e in g
U sing o p t i c a l  m icroscopy , no s t r u c t u r a l  changes w ere a p p a re n t  i n  
e i t h e r  th e  b e ta  o r  m a r te n s i te  p h a se s  a f t e r  a g e in g . A tte m p ts  w ere made 
to  d e te c t  any s t r u c t u r a l  changes w hich accom panied th e  b e t a  p h a se  a g e in g  
p ro c e s s e s  o u t l in e d  in  S e c t io n  3*2 by means o f  X -ray  d i f f r a c t i o n  te c h n iq u e s .  
U n fo r tu n a te ly  due to  th e  f a s t  r a t e  a t  w hich th e  r e l e v a n t  p r o c e s s e s  o ccu r', 
and th e  d i f f i c u l t y  in  d e te c t in g  th e  b e ta  p h ase  s u p e r l a t t i c e  r e f l e c t i o n s ,  
v e ry  l i t t l e  in fo rm a tio n  co n ce rn in g  th e  b e ta  p h ase  s t r u c t u r e  was o b ta in e d .
I t  was found  p o s s ib le  how ever to  s tu d y  th e  m a r te n s i te  s t r u c t u r e  fo rm ed  
from th e  b e ta  p h ase  a t  v a r io u s  s ta g e s  i n  th e  b e ta  p h ase  a g e in g  p r o c e s s .  ..
3»h.'\ Changes i n  m a r te n s i te  s t r u c t u r e
F ig u re  i s  p a r t  o f  an  X -ray  d if f r a c to g ra m  f o r  a  b u lk  sp ec im en  
o f  A llo y  3 in  th e  m a r t e n s i t i c  c o n d i t io n .  T h is  i s  d i r e c t l y  com p arab le
w ith  F ig u re  13? w hich i s  a  s im i la r  d if f r a c to g ra m  o b ta in e d  by  p r e v io u s  
( 3 )w o rk ers  . The s e p a r a t io n  o f  th e  two p eak s  ©^ and  © ^  ( a s  d e f in e d  i n
S e c t io n  3*^*2) may be u se d  a s  a  m easure o f  th e  m a r te n s i te  t e t r a g o n a l i t y
(91)by means o f  E q u a tio n  20 . To a s s e s s  w h eth er th e  b e t a  p h a s e  a g e in g
p ro c e s s e s  w hich p ro d u ce  th e  m a r t e n s i t i c  t r a n s fo rm a t io n  te m p e ra tu re  s h i f t s  
o u t l in e d  in  S e c t io n  3*2 a l s o  in f lu e n c e  th e  t e t r a g o n a l i t y  o f  th e  r e s u l t i n g  
m a r te n s i te ,  th e  fo llo w in g  ex p erim en ts  w ere p e rfo rm e d .
Two. specim ens o f  A llo y  3 w ere p re p a re d ,  th e  f i r s t  d e m o n s tra t in g  
c o n s ta n t  te rm in a l  t r a n s fo rm a tio n  te m p e ra tu re s  a s  th e  r e s u l t  o f  a  h e a t  
t r e a tm e n t o f  th e  ty p e  d i c t a t e d  by th e  in fo rm a tio n  g iv e n  i n  F ig u r e s  19 an d  2 0 . 
The seco n d  specim en was g iv e n  a  s im i la r  t r e a tm e n t  and th e n  h e l d  a t  3 9 3 ^  
(120°C) f o r  30 m in u tes  to  p roduce m a r t e n s i t i c  t r a n s f o r m a t io n  te m p e ra tu re
d e p re s s io n s  i n  th e  r e g io n  o f  15&, a s  in d i c a te d  by F ig u re  23« The 
p o s i t i o n s  and  sh ap es  o f  th e  two p eak s ©^ and  © 2  ^o r  t *16 specim en
i  »
e x h ib i t i n g  te rm in a l  t r a n s fo rm a tio n  te m p e ra tu re s , and  an d  © 2  ^ o r  
th e  specim en e x h ib i t i n g  transfo rm aiacn  te m p e ra tu re  d e p re s s io n ,  a re  
i l l u s t r a t e d  i n  F ig u re  4-3. A s te p  c o u n tin g  te c h n iq u e  was u s e d  an d  th e
Ij.
tim e r e q u i r e d  to  r e g i s t e r  10 co u n ts  was re c o rd e d  e v e ry  0 .0 2  ( 2 © )
o v er th e  r e l e v a n t  ra n g e .
By s u b s t i t u t i n g  th e s e  r e s u l t s  in to  E q u a tio n  20 i t  was fo u n d  t h a t  
i f  a  d i r e c t  c o r r e l a t i o n  betw een M* d e p re s s io n  and  m a r te n s i te  t e t r a g o n -• S '
a l i t y  was assum ed, a  15K d e p re s s io n  in  th e  M* te m p e ra tu re  c o u ld  bes
c o n s id e re d  to  be e q u iv a le n t  to  a  1C$ d e c re a se  i n  th e  t e t r a g o n a l i t y  o f  
th e  m a r te n s i te .
3*3 O b s e rv a tio n s -o f  a l lo y s * a g e d  betw eeh  M* and  Mj . '
■ l |  I   > ■ ■ ■  t i l . I  I I I I  W i l l  I i I —  ■ II m IMH  ■  S  *  —    '
I t  was found  t h a t  a g e in g  t r e a tm e n ts  p e rfo rm ed  be tw een  M* an d  Mts  x
a llo w ed  th e  e n t i r e  spec trum  o f  th e rm a lly  a c t i v a t e d  p r o c e s s e s ,  i n  b o th  
th e  b e ta  and  m a r te n s i te  p h a se s , to  be o b se rv ed  d u r in g  th e  same e x p e r im e n t.
A geing i n  th e  two p h ase  (b e ta  p lu s  m a r te n s i te )  c o n d i t io n  o f t e n
o ccu re d  u n in t e n t i o n a l ly  due to  th e  p o s t  quench tim e dependence o f  th e
m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re s .  F o r exam ple, when a l l o y s  w ere
✓
h e ld  above t h e i r  i n i t i a l  p o s t  quench d e p re s se d  M* te m p e ra tu re ,  b u t  belows
t h e i r  e v e n tu a l  te rm in a l  M* te m p e ra tu re , m a r te n s i te  fo rm ed  i s o th e r m a l ly ,s
and  was th e r e f o r e  s u s c e p t ib le  to  a g e in g  e f f e c t s  i n  th e  m a r t e n s i te  p h a s e  
( a s  o u t l in e d  i n  S e c t io n  3*3) a s  w e ll  a s  th e  p a r e n t  b e t a  p h a se  a g e in g  
e f f e c t s  ( a s  o u t l in e d  in  S e c t io n  3 - 4 ) .
A llo y  3  (M* = 283K (l2 °C ))w as  u sed  f o r  t h i s  i n v e s t i g a t i o n ,  s
F ig u re  46 i l l u s t r a t e s  th e  in f lu e n c e  o f  a g e in g  specim ens o f  A llo y  3  a t  
273K (0°C ) im m ed ia te ly  a f t e r  quench ing  from  1123K (8 5 0 °C ), f o r  v a r io u s  
tim es  betw een 1 and  1000 m in u te s . A f te r  l e s s  th a n  70 m in u te s ,  th e  
r e v e r s io n  te m p e ra tu re  s h i f t s  a re  d i r e c t l y  com parable to  th o s e  w h ich
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F ig u re  h3- A r e g io n  o f  th e  d if f ra c to g ra m  o b ta in e d  from  a  m a r t e n s i t i c  
specim en o f  A llo y  3 a f t e r  two d i f f e r e n t  h e a t  tre a tm e n ts*
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F ig u re  46 . Therm al a n a ly s i s  h e a t in g  cu rv es  show ing m a r te n s i te  r e v e r s io n  
a f t e r  a g e in g  specim ens o f  A llo y  3 a t  273& (0°C ) f o r  v a r io u s  t im e s .
w ould be e x p e c te d  a f t e r  a g e in g  in  th e  b e ta  p h ase  (S e c t io n  5*2)* A lso 
a s s o c ia te d  w ith  th e s e  t r a n s fo rm a tio n  te m p e ra tu re  s h i f t s  i s  th e  ty p e  o f  
a d d i t io n a l  b e ta  p h ase  ex o th e rm ic  a c t i v i t y  a l re a d y  i l l u s t r a t e d  i n  F ig u re  29* 
A f te r  100 and 120 m in u tes  o f  ag e in g  a t  273K ( 0°C ), th e  r e v e r s io n  ra n g e  
may be se e n  to  s p l i t  i n to  two d i s c r e t e  r a n g e s .  T h is  o c c u rs  b eca u se  
d u rin g  th e s e  t r e a tm e n ts  some m a r te n s i te  h as  form ed is o th e r m a l ly  and  
t h i s  m a r te n s i te  h a s  become s u s c e p t ib le  to  th e  m a r te n s i te  a g e in g  e f f e c t s  
c o n s id e re d  in  S e c t io n  3»3* A f te r  a g e in g  f o r  1000 im in u tes, a l l  th e  b e t a  
p h ase  h a s  tra n s fo rm e d  is o th e rm a l ly  to  m a r te n s i te  and  i n  t u r n  t h i s  
m a r te n s i te  h a s  become c o m p le te ly  i r r e v e r s i b l e ,  a s  e x p e c te d  from  c o n s id e r ­
a t io n s  o f  S e c t io n  3»3». The d i f f e r e n c e  betw een th e  is o th e rm a l  m a r te n s i te  
form ed i n  t h i s  case  and  th e  is o th e rm a l m a r te n s i te  found  i n  some f e r r o u s  
a l lo y s  w i l l  be d is c u s s e d  i n  C hap ter 6 .
CHAPTER 6
DISCUSSION
6,1  I n t r o d u c t io n  and summary o f  r e s u l t s
I n  many o f  th e  a l l o y  sy stem s w hich e x h i b i t  a  m a r t e n s i t i c  t r a n s ­
fo rm a tio n  each  a l lo y  co m p o sitio n  p o s s e s s e s  an i n v a r i a n t  Mg te m p e ra tu re .  
E v idence e x i s t s  how ever t h a t  some a l lo y s  in  th e  th e rm o e la s t ic  sy stem s 
Au-Cu and  C u-A l-N i p o s s e s s  a  ran g e  o f  M te m p e ra tu re s  w hich a r e 'a  f u n c t io n  
o f  p r i o r  h e a t  t r e a tm e n t .  R e s u l ts  have a l s o  been  p u b l is h e d  w hich s u g g e s t 
t h a t  th e  m a r t e n s i t i c  t r a n s fo rm a t io n  te m p e ra tu re s  i n  b o th  b in a ry  and
te r n a r y  b r a s s e s  a re  dependen t upon p r i o r  h e a t  t r e a tm e n t;  how ever th e
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m echanisms o p e ra t in g  have n o t been  e s ta b l i s h e d .  I n  t h i s  C h ap te r th e  
in f lu e n c e  o f  v a r io u s  h e a t  t r e a tm e n ts  on th e  m a r t e n s i t i c  t r a n s fo rm a t io n  
i n  a  ran g e  o f  Cu-Zn-Al a l lo y s  w i l l  be d is c u s s e d .
A ll  th e  a l lo y s  u nder in v e s t i g a t io n  p o s s e s s  th e  d is o rd e re d  bcc  
b e ta  p h ase  s t r u c t u r e  betw een th e  s o l id u s  te m p e ra tu re  and th e  a+p/(3 p h ase  
b o u ndary . S m all sam ples ( < 1mm t h i c k ) ,  when w a te r  quenched r e t a i n  th e  
b e ta  p h ase  and  undergo  an  o rd e r in g  r e a c t io n  s im i l a r  to  t h a t  o b se rv e d  i n  
b in a ry  b e ta  b r a s s .  I n  th e  p a r t i c u l a r  case  o f  A llo y  A-, i f  a f t e r  quench ing  
th e  sam ple i s  co o le d  f u r t h e r ,  th e  o rd e re d  b e ta  p h ase  u n d erg o es  a  therm o­
e l a s t i c  m a r t e n s i t i c  t r a n s fo rm a tio n  a t  ab o u t ( -3 0 °C ). However i f  th e
a l lo y  i s  l e f t  a t  room te m p e ra tu re  a f t e r  q uench ing , th e  t r a n s f o r m a t io n  
te m p e ra tu re s  g ra d u a l ly  in c r e a s e ,  u n t i l  e v e n tu a l ly  th e  t r a n s f o r m a t io n  ta k e s  
p la c e  a t  te m p e ra tu re s  c lo se  to  2?3K ( 0°C ). These tra n s fo rm a tio n , tem p­
e r a tu r e  s h i f t s  a re  i l l u s t r a t e d  in  E ig u re  19 and  a re  a  m a n if e s ta t io n  o f  
a  th e rm a lly  a c t iv a t e d  r e a c t io n  p r e s e n t  i n  th e  b e ta  p h ase  a f t e r  q u en ch in g . 
The n a tu re  o f  t h i s  th e rm a lly  a c t iv a t e d  p ro c e s s  h a s  been  i n v e s t i g a t e d  i n  
th e  p r e s e n t  work by m o n ito r in g  th e  m a r t e n s i t i c  t r a n s fo rm a t io n  te m p e ra tu re s  
a f t e r  g iv in g  sam ples c a r e f u l ly  c o n t r o l le d  h e a t  t r e a tm e n ts .
T ra n s fo rm a tio n  te m p e ra tu re  s h i f t s  com parable to  th o s e  o b se rv e d  
im m ed ia te ly  a f t e r  quench ing  have a l s o  been  fo u n d  to  o c c u r  a f t e r  sa m p le s , 
p r e v io u s ly  aged  to  y i e l d  c o n s ta n t  te rm in a l  t r a n s fo rm a t io n  te m p e ra tu r e s ,  
a re  h e a t  t r e a t e d  in  th e  ran g e  373K (100°C) to  4735K ( 200°C ). C a lo r im e t r ic  
e v id en ce  i s  a l s o  p r e s e n te d  w hich r e l a t e s  ex o th e rm ic  a c t i v i t y  i n  th e  b e t a  
p h ase  a f t e r  quench ing  to  th e  s h i f t s  i i i  th e  m a r t e n s i t i c  t r a n s f o r m a t io n  
te m p e ra tu re s .  The s ig n i f i c a n c e  o f  th e s e  f in d in g  i s  d is c u s s e d  f u l l y  i n  
th e  fo llo w in g  s e c t io n s .
As w e ll  a s  th e  M s h i f t s  o b se rv e d  a f t e r  h e a t  t r e a tm e n ts  i n  th e  s
b e ta  p h ase  c o n d i t io n ,  a g e in g  a l s o  o c c u rs  i n  th e  m a r te n s i te  p h a se  im m ed ia t­
e ly  a f t e r  q uench ing . I n  th e  p a r t i c u l a r  ca se  o f  A llo y  5> th e s e  e f f e c t s  
in c lu d e  m e ch an ic a l p r o p e r ty  changes and  th e  g ra d u a l i r r e v e r s i b i l i t y  o f  
th e  m a r te n s i te  d u r in g  a g e in g . .
I n  t h i s  C h ap te r th e  p r e s e n t  r e s u l t s  w i l l  be r e l a t e d  to  o b s e r v a t io n s  
by p re v io u s  w orkers  and an  a t te m p t w i l l  be made to . i d e n t i f y  th e  sp ec tru m  
o f  th e rm a lly  a c t iv a t e d  ag e in g  p ro c e s s e s  found  i n  t e r n a r y  b e t a  b r a s s  
ty p e  a l lo y s .  The m a r t e n s i t i c  t r a n s fo rm a tio n  w i l l  be c o n s id e re d  i n  some . 
d e t a i l  and  th e  v a r io u s  f a c t o r s  w hich d e te rm in e  t r a n s fo rm a t io n  te m p e ra tu re s  
and  s h i f t s  i n  th e s e  te m p e ra tu re s  w i l l  be i s o l a t e d .  I n  th e  l a t t e r  s e c t i o n s  
o f  t h i s  C h ap te r c o r r e l a t i o n s  w i l l  be e s t a b l i s h e d  betw een v a r i a t i o n s  i n  
th e  b e ta  p h ase  ch em ica l o rd e r in g  b e h a v io u r  and th e  m a r t e n s i t i c  tr a n s fo rm ­
a t io n  te m p e ra tu re  s h i f t s .  The in f lu e n c e  o f  q u e n c h e d -in  h ig h  te m p e ra tu re  
d e f e c t s ,  such  a s  v a c a n c ie s ,  on. b o th  th e  k i n e t i c s  o f  o r d e r in g  and  th e  
p r o p e r t i e s  o f  I th e rm o d ia s tic  m a r te n s i te  w i l l  a l s o  be c o n s id e re d .
6 .2  T ra n s fo rm a tio n  te m p e ra tu re  s h i f t s  i n  th e rm o e la s t ic  m a r te n s i te
A n y .v a r ia t io n s  i n  th e  m a r t e n s i t i c  t r a n s fo rm a t io n  te m p e ra tu re s
fo llo w in g  h e a t  t r e a tm e n t  may be g e n e r a l ly  e x p la in e d  i n  two w ays: F i r s t l y ,
th e  d r iv in g  fo rc e  n e c e s s a ry  f o r  m a r te n s i te  n u c le a t io n  AG^ m»^s  may
v a ry . S econd ly , th e  r e l a t i v e  f r e e  e n e rg ie s  o f  th e  p ro d u c t  an d  p a r e n t  
p h a s e s  may change and  i n  tu r n  p roduce  a  change i n  th e  v a lu e  o f  th e
t e m p e r a tu r e  a t  w h ic h  t h e s e  f r e e  e n e r g i e s  a r e  e q u a l ,  Tq .
F o r th e  p u rp o se s  o f  th e  p r e s e n t  d is c u s s io n  we s h a l l  c o n s id e r  b o th  
f a c t o r s ’ w hich a re  e s s e n t i a l l y  n o n -ch em ica l i n  n a tu re  an d  ch e m ic a l f a c t o r s  
w hich a re  l i k e l y  to  change th e  f r e e  e n e rg ie s  o f  e i t h e r  o f  th e  com peting  
p h a s e s .  N on-chem ical f a c t o r s  in c lu d e  a n y th in g  w hich  i n t e r f e r e s  w ith  th e  
grow th and r e v e r s io n  o f  m a r te n s i te ,  f o r  exam ple th e  d i s r u p t i o n  o f  th e  
i n t e r - m a r t e n s i t e  b o u n d a r ie s .  C hem ical f a c t o r s  in c lu d e  any  ch an g es  i n  
th e  s t r u c t u r e  o f  e i t h e r  o f  th e  p h a s e s , f o r  exam ple c h em ica l o r d e r in g  o r  
changes in  th e  m a r te n s i te  s t r u c t u r e .
6 .2 .1  M a r te n s i t ic  t r a n s fo rm a tio n  te m p e ra tu re s
No a t te m p t w i l l  be made to  e v a lu a te  th e  m e r i t s  o r  d e m e r its  o f  th e  
v a r io u s  th e o r i e s  c o n c e rn in g  th e  m a r t e n s i t i c  t r a n s f o r m a t io n .  I n  m ost 
c a se s  a  s im p le  e m p ir ic a l  app roach  to  th e  m a r t e n s i t i c  t r a n s f o r m a t io n  seem s 
a d e q u a te , i n  th e  absence  o f  more d e t a i l e d  know ledge.
The p rob lem s a s s o c ia te d  w ith  d e f in in g  a  Tq te m p e ra tu re  ( t h e  tem p­
e r a tu r e  a t  w hich th e  f r e e  e n e rg ie s  o f  th e  p a r e n t  a n d  p r o d u c t  p h a s e s  a re  
e q u a l)  have been  c o n s id e re d  i n  C h ap te r 3- The m a jo r c o n t ro v e r s y  co n c e rn s  
w h eth er th e  e l a s t i c  s t r a i n  en erg y  n e c e s s a ry  f o r  m a r te n s i te  n u c l e a t io n  
sh o u ld  be in c lu d e d  in  th e  f r e e  en e rg y  o f  th e  two co m peting  p h a s e s .  I n  
th e  p r e s e n t  c a s e , a s  w i l l  be d is c u s s e d  i n  l a t t e r  p a r t s  o f  t h i s / C h a p te r ,  y . 
th e r e  i s  no e v id en ce  t h a t  th e  n u c le a t io n  f r e e  e n e rg y  , i s  a l t e r e d
by th e  v a r io u s  h e a t  t r e a tm e n ts  u n d er c o n s id e ra t io n '.  I n  t h i s  c a s e  i t  
becomes re a s o n a b le  to  u se  Tong and  Waymanfs  d e f i n i t i o n  o f  T , w here 
T o = 4 ( M s  +  Af ).( 1 1 7 ’ 1 l 8 > .  °
The th e rm a l h y s te r e s i s ,  o f  th e  m a r t e n s i t i c  t r a n s f o r m a t io n  w i l l  be 
c o n s id e re d  i n  th e  c o n te x t  o f  E q u a tio n  21, w hich  d e s c r ib e s  th e  e n e rg y  
b a la n c e  r e q u i r e d  f o r  th e rm o e la s t ic  e q u i l ib r iu m . ! I n  th e  a b se n c e  o f  a p p l ie d  
s t r e s s  and  f o r  th e  p r e s e n t  ig n o r in g  th e  c o n t r ib u t io n  o f  th e  e n e rg y  o f  
th e  b e ta - m a r te n s i te  i n t e r f a c e s ,  E q u a tio n  21 may be  s i m p l i f i e d  i n  th e  
fo llo w in g  m anner, f o r  th e rm o e la s t ic  e q u i l ib r iu m , g ro w th  an d  r e v e r s i o n .
AG^"^mdV ~  a . e dV + dV . . .E q u a t i o n  23.
1 m ^ m —^ ------ ei~
A GP~"m&V >  a  effidV + £ e dV . . . E q u a tio n  2k.
AG- ' dV <  a _^ e dV + 5cmdV . . . E q u a tio n  23.
The o n ly  te rm  in  E q u a tio n s  23? 2^ F and  23 w hich does n o t  y i e l d
p e r f e c t  th e r m o e la s t i c i ty  i s  th e  te rm . I t  i s  t h i s  te rm  w hich
p ro d u ces  th e  o b se rv ed  th e rm a l h y s t e r e s i s  and i s  a  m easure o f  th e  en erg y
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r e q u i r e d  to  move th e  m a r te n s i te  i n t e r f a c e s  and p roduce  th e  s u b s t r u c tu r a l  
m o d if ic a t io n s  n e c e s s a ry  f o r  th e  t r a n s f o r m a t io n .  The m agnitude o f  t h i s
i
1 f r i c t i o n ’ term  i s  e q u a l f o r  b o th  th e  fo rw ard  and r e v e r s e  t r a n s fo rm a t io n s  
s in c e  th e  a to m ic  movements r e q u i r e d  f o r  th e  r e v e r s e  t r a n s fo rm a tio n  a re  
th e  o p p o s ite  to  th o se  accom panying th e  fo rw ard  t r a n s fo rm a t io n .  Such 
an  approach  i s  c o n s i s te n t  w ith  th e  p r e s e n t  d e f i n i t i o n  o f  T , in  w hich 
th e  f r i c t i o n a l  f o r c e s  a s s o c ia te d  w ith  b o th  th e  fo rw ard  and r e v e r s e  t r a n s ­
fo rm a tio n s  a re  assum ed to  be e q u a l ;  t h a t  i s  to  say  Tq = -^(M^ + A ^).
6 .2 .2  P roposed  mechanisms a b le  to  s h i f t  m a r t e s i t i c  t r a n s fo rm a t io n  te m p e ra tu re s 
The numerous f a c t o r s  w hich have been  r e p o r te d  to  in f lu e n c e  th e  
m a r t e n s i t i c  t r a n s fo rm a tio n  i n  n o b le  m e ta l b e ta  p h a se s  have been  p r e s e n te d  
in  C h ap te r 3* T ab le 8 shows th e  v a r io u s  mechanism s w hich may be a p p l i c ­
a b le  f o r  th e  case  o f  C u-Zn-A l, to g e th e r  w ith  th e  p r e s e n t  e x p e r im e n ta l 
o b s e rv a t io n s .  T h is  t a b le  w i l l  a llo w  th e  s p e c i f i c  mechanism o r  m echanism s 
w hich p roduce  m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re  s h i f t s  i n  Cu-Zn-A l 
a l lo y s  to  be i s o l a t e d .
Some o f  th e  mechanisms p re s e n te d  in  T ab le  8 may be im m ed ia te ly , 
e l im in a te d  a s  cau ses  o f  th e  p r e s e n t  p o s t  quench ag e in g  e f f e c t s .  These 
mechanisms a re  marked w ith  an ’X’ in  th e  column r e p r e s e n t in g  th e  r e l e v a n t  
e x p e r im e n ta l o b s e rv a t io n .  O ther co m b in a tio n s  o f  e x p e r im e n ta l o b s e r v a t io n
T h e rm o e la s tic  e q u i l ib r iu m  
M a r te n s ite  t r a n s fo rm a tio n  
M a r te n s ite  r e v e r s io n
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e q u i l ib r iu m  p h a se s O O O  X O O O O O
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n u c le u s  fo rm a tio n O O X O O O O O O
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i n t e r f a c i a l  d i s lo c a t io n s O O X O O O O O O
I n te r f e r e n c e  o f  a n t i ­
p h ase  domain b o u n d a rie s O O Q O O O O O O
P re se n c e  o f  an  omega- 
ty p e  p hase O O do O O O o o
Q uenching s t r a i n s
X X X X O O O O O
P re se n c e  o f  quenched- 
i n  th e rm a l v a c a n c ie s O O d o o 0 O O X
P resen ce  o f  s t r u c t u r a l  
v a c a n c ie s O O Q O O O O O O
O rd erin g  o f  s t r u c t u r a l  
v a c a n c ie s O O d o o o o o o
I s o l a t e d . b e ta  p h ase  
d is o rd e r O X Q O O O O O O
Homogeneous b e ta  p h ase  
d is o rd e r 0 O do O O O O O
V a r ia t io n s  in  th e  
o rd e re d  s t r u c t u r e O O d o o o o o o
T able 8 . Some o f  th e  perm ­
u ta t i o n s  o f  e x p e r im e n ta l 
o b s e rv a t io n s  w ith  m echanism s 
cap a b le  o f  p ro d u c in g  m a rt­
e n s i t i c  t r a n s fo rm a tio n  temp­
e r a tu r e  s h i f t s .  A ’0 ’ r e p r ­
e s e n ts  a p o s s ib le  co m b in a tio n , 
w h i l s t  an !x ' in d i c a te s  an 
u n l ik e ly  co m b in a tio n .
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w ith  p o s s ib le  mechanism r e q u i r e  more d e t a i l e d  c o n s id e ra t io n  and th e s e  
a re  m arked w ith  an ’ O’ . I n  th e  rem a in d er o f  t h i s  s e c t io n  th e  p r e s e n t  
r e s u l t s  and th e  in fo rm a tio n  a v a i la b le  from th e  l i t e r a t u r e  w i l l  be d is c u s s e d  
in  th e  c o n te x t o f  th e  p e rm u ta tio n s  p r e s e n te d  in  T ab le 8 .
The p r e c i p i t a t i o n  o f  an e q u i l ib r iu m  p h ase  w ould be e x p e c te d  to  
e n r ic h  th e  z in c  and alum inium  c o n te n ts  in  Cu-Zn-Al b e ta  p h a s e s ,  and 
th e r e f o r e  p roduce  a perm anen t d e p re s s io n  in  th e  m a r t e n s i t i c  t r a n s fo rm a t io n  
te m p e ra tu re s .  In  f a c t  a f t e r  th e ' p r e s e n t  =ty p e s  o f  h e a t  t r e a tm e n t ,  a l l  th e  
c h a r a c t e r i s t i c  m a r t e n s i t i c  t r a n s fo rm a t io n  te m p e ra tu re s  r e t u r n  to  t h e i r  
te rm in a l  v a lu e s .
\
The p re se n c e  o f  s t r e s s ,  in c lu d in g  quench ing  s t r e s s e s , a c c o rd in g  
to  E q u a tio n  21 w ould be e x p e c te d  to  p ro d u ce  e le v a t io n s  in  th e  m a r t e n s i t i c  
t r a n s fo rm a tio n  te m p e ra tu re s .  I n  th e  p r e s e n t  c a s e , how ever, t r a n s f o r m a t io n  
te m p e ra tu re s  a re  d e p re s se d  im m ed ia te ly  a f t e r  quench ing .
The t r a n s fo rm a tio n  te m p e ra tu re s  c h a r a c t e r i s t i c  o f  m a r te n s i te  
r e v e r s io n ,  A*, A^ and A* a re  in d e p en d en t o f  th e  i n i t i a l  m a r te n s i te  n u c le a ­
t i o n  c o n d i t io n s .  T h is  r u l e s  o u t e i t h e r  th e  la c k  o f  th e rm a l a c t i v a t i o n  
f o r  n u c le u s  fo rm a tio n  o r  th e  p in n in g  o f  em bryonic i n t e r f a c i a l  d i s lo c a t i o n s  
a s  p o s s ib le  m echanisms p ro d u c in g  th e  o b se rv e d  a g e in g  e f f e c t s ,  s in c e
i t  i s  found  t h a t  a l l  th e  t r a n s fo rm a tio n  te m p e ra tu re s ,  M*, M*, M*, A*, A*L 7 s m f s m
and A* a re  in f lu e n c e d  to  th e  same d e g re e .
The p re se n c e  o f  q u en ch ed -in  th e rm a l v a c a n c ie s  o r  o th e r  s im i l a r  
q u en ch ed -in  h ig h  te m p e ra tu re  d e f e c ts  can n o t be u se d  to  e x p la in  th e  p r e s e n t  
phenomena. T h is  i s  b ecau se  low te m p e ra tu re  h e a t  t r e a tm e n ts  i n  th e  ra n g e  
373K-A73K (100°C-200°C) p roduce s im i la r  ag e in g  e f f e c t s  to  th o s e  found  
a f t e r  quench ing  from  1123K (830°C ); and such  h e a t  t r e a tm e n t  te m p e ra tu re s  
must be c o n s id e re d  to o  low to  p roduce  a  s i g n i f i c a n t  c o n c e n tr a t io n  o f  
th e rm a l v a c a n c ie s .  The in f lu e n c e  o f  th e  v a c a n c ie s  w hich a re  q u e n c h e d -in  
from th e  s o lu t io n  t re a tm e n t te m p e ra tu re  on th e  k i n e t i c s  o f  th e  low
t e m p e r a tu r e  a g e in g  p r o c e s s e s  a r e  c o n s id e r e d  i n  a  f u r t h e r  s e c t i o n .
The p re se n c e  o f  an om ega-type p h a s e , s im i l a r  to  t h a t  fo u n d  i n  
t i ta n iu m  and z irco n iu m  a l lo y s ,  h a s  been  d e te c te d  i n  b o th  b e t a  b r a s s  and
i t s  te r n a r y  a l l o y s .  T here have been  a t te m p ts  to  r e l a t e  th e  p re s e n c e
■: / '  . ■ . . . .  . . .
o f  t h i s  c o h e re n t p h ase  to  th e  d e t a i l e d  mechanism o f  m a r te n s i te  n u c le a t io n ."  
However t h i s  i s  n o t p a r t i c u l a r l y  r e le v a n t  to  th e  p r e s e n t  s tu d y  o f  a g e in g "  
e f f e c t s  b ecau se  i n  th e  p r e s e n t  case  th e . r e v e r s e  m a r t e n s i t i c  t r a n s f o r m a t io n  
te m p e ra tu re s  a re  in f lu e n c e d  to  th e  same e x te n t  a s  th o s e  c h a r a c t e r i s t i c  o f  
th e  fo rw ard  t r a n s f o r m a t io n : and t h i s  w ould n o t be th e  ca se  i f  th e  t r a n s ­
fo rm a tio n  te m p e ra tu re  s h i f t s  r e s u l t e d  from  changes in  th e  n u c le a t io n  
b e h a v io u r . A nother p o s s ib le  mechanism a s s o c ia te d  w ith  th e  om ega-type 
t r a n s fo rm a t io n  may be a  change in  th e  r e l a t i v e  f r e e  e n e r g ie s  o f  th e  
m a r te n s i te  and  p a r e n t  p h a se s  ( i e  a  s h i f t  i n  th e  Tq t e m p e ra tu r e ) .  A t 
p r e s e n t  however th e r e  i s  v e ry  l i t t l e  known ab o u t t h i s  ty p e  o f  d i s p la c iv e  
t r a n s fo rm a tio n  in  b e ta  b r a s s  ty p e  a l lo y s .  I n  may be  th e  c a se  t h a t  t l i i s  
ty p e  o f  re a c tio n ',  i s  • s im p ly  a; f u r th e r  m a n if e s ta t io n  o f  th e  i n s t a b i l i t y  
o f  th e  b e ta  p h ase  and t h a t  i t  h as  no in f lu e n c e  on th e  m a r t e n s i t i c  t r a n s ­
fo rm a tio n  i t s e l f .  N e v e r th e le s s  i t  rem a in s  a  p o s s i b le  c a n d id a te  f o r  th e  
mechanism w hich p ro d u ces  m a r te n s i t i c  t r a n s fo rm a t io n  te m p e ra tu re  s h i f t s  
in - t h e  a l lo y s  p r e s e n t ly  u nder in v e s t ig a t io n  a f t e r  low  te m p e ra tu re  h e a t  
t r e a tm e n ts .
The grow th o f  a n t ip h a s e  domain b o u n d a r ie s  i n  Cu-Zn-A l a l l o y s  
s im i la r  to  th o se  u se d  in  th e  p r e s e n t  in v e s t i g a t io n  h a s  b een  r e p o r t e d  
a f t e r  p o s t  quench h e a t  t r e a tm e n ts  a t  3&3K (90°C ) . I t  i s  d i f f i c u l t ,  
how ever, to  a t t r i b u t e  th e  o b se rv ed  t r a n s fo rm a t io n  te m p e ra tu re  d e p re s s io n s  
to  changes in  th e  t o t a l  a n t ip h a s e  domain boundary  e n e rg y , s in c e  i f  th e  
p ro c e s s e s  o c c u r in g  below  373K ( 100° C) a re  due to  dom ain g ro w th , th o s e  
p ro c e s s e s  w hich o ccu r above t h a t  te m p e ra tu re  m ust b e  due to  an  in c r e a s e  
in  th e  domain boundary  en erg y  w hich c o u ld  o n ly  come a b o u t b y  means o f  
th e  p a r t i a l  d is o rd e r in g  o f  th e  p a r e n t  b e ta  p h a s e .  I f  t h i s  was th e  c a s e ,
th e  in f lu e n c e  o f  t h i s  d is o rd e r  on th e  m a r t e n s i t i c  t r a n s f o r m a t io n  w ould 
c e r t a i n l y  be g r e a t e r  th a n  th e  in f lu e n c e  o f  any sm a ll changes i n  th e  
t o t a l  a n t ip h a s e  domain boundary  e n e rg y .
The in f lu e n c e  o f  th e  deg ree  and ty p e  o f  p a r e n t  p h a se  ch em ica l 
o rd e r  on th e  m a r t e n s i t i c  t r a n s fo rm a tio n  w i l l  now be c o n s id e re d .  I f  
th e  o b se rv e d  m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re  s h i f t s  r e s u l t  from  
th e  fo rm a tio n  o f  a  two p h ase  m ix tu re  o f  d i f f e r e n t  o rd e re d  s t r u c t u r e s , 
a n  in c r e a s e  in  th e  o v e r a l l  ran g e  o f  m a r t e n s i t i c  fo rm a tio n  and  r e v e r s io n  
te m p e ra tu re s  w ould be e x p e c te d . Such an in c re a s e  in  th e  t o t a l  t r a n s f o r m a t io n  
ra n g e  i s  n o t o b se rv e d , a s  may be seen  i n  F ig u re s  20 and  2 6 . T h is  i n d i c a t e s  
t h a t  th e  p r e s e n t  r e s u l t s  a re  n o t th e  r e s u l t  o f  a  f i r s t  o r d e r  ch em ica l 
o rd e r in g  r e a c t io n .
T h is  le a v e s  u s  w ith  th e  p o s s i b i l i t y  t h a t  a  c h em ica l o r d e r in g
r e a c t io n  o f  a  low er o rd e r  may be r e s p o n s ib le  f o r  th e  p r e s e n t  r e s u l t s .  I f
such  a  r e a c t io n  to o k  th e  form o f  a homogeneous change i n  th e  n a tu r e  o r
deg ree  o f  th e  p a r e n t  p h ase  o r d e r ,  i t  c o u ld  acc o u n t f o r  ch anges i n  th e
Tq te m p e ra tu re  ( r e s u l t i n g  from  changes i n  th e  r e l a t i v e  f r e e  e n e r g ie s  o f
th e  two p h a s e s )  w ith o u t p ro d u c in g  e i t h e r  s h i f t s  i n  th e  t r a n s f o r m a t io n
ran g e  (M* -  M*) o r  th e  th e rm a l h y s t e r e s i s  (A* -  M*). Such a  mechanism  s  f  u - m m
can a l s o  a cc o u n t f o r  th e  o b se rv e d  ex o th e rm ic  a c t i v i t y  a s s o c ia t e d  w ith  
th e  m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re  s h i f t s .
S in ce  th e r e  i s  v e ry  l i t t l e  in fo rm a tio n  a v a i l a b l e  c o n c e rn in g  th e  
o rd e r in g  b e h a v io u r o f  Cu-Zn-Al b e ta  p h a s e s ,  and  th e r e  i s  no ^ in fo rm a tio n  
c o n c e rn in g  i t s  in f lu e n c e  on th e  d e t a i l e d  m a r t e n s i t i c  t r a n s f o r m a t io n  
b e h a v io u r , much o f  th e  rem a in d er o f  t h i s  C h ap te r w i l l  c o n s id e r  m odels o f  
Cu-Zn-A l o rd e r in g  in  r e l a t i o n  to  th e  o b se rv e d  h e a t  t r e a tm e n t  in d u c e d  
changes i n  th e  m a r te n s i t i c  t r a n s fo rm a tio n  b e h a v io u r .
6 . P . Z  The i n f l u e n c e  o f  c h e m ic a l  o r d e r  o n  t h e  m a r t e n s i t i c  t r a n s f o r m a t i o n
I f  we a t t r i b u t e  th e  t r a n s fo rm a tio n  te m p e ra tu re  s h i f t s  and  th e  “ ••
b e ta  p h ase  th e rm a l a c t i v i t y  to  ch em ica l o rd e r in g  r e a c t io n s ,  i t  i s  w o rth
exam ining  an a lo g o u s  sy s tem s . I n  common w ith  Cu-Zn-Al a l l o y s ,  th e  F e J P t
3
system  a l s o  e x h i b i t s  b o th  an o rd e r in g  r e a c t io n  and a  th e rm o e la s t ic  i' '
^ m a r te n s i t ic  t r a n s fo rm a t io n ,  how ever i n  th e  case  o f  F e_ P t, h e a t  tre a tm e n ts -
3 _
w hich d e c re a se  th e  deg ree  o f  lo n g  ran g e  o rd e r  p roduce an  in c r e a s e  i n  th e  
m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re s .  T h is  i s  th e  r e v e r s e  o f  th e  
e f f e c t  p ro p o se d  f o r  Cu-Zn-Al i n  w hich h e a t  tr e a tm e n ts  i n  th e  ra n g e  373K~ 
473K (100°C-200°C) p roduce  a  d e c re a se  i n  th e  m a r t e n s i t i c  t r a n s f o r m a t io n  
te m p e ra tu re s . ,
I t  i s  common to  a t t r i b u t e  th e  M in c re a s e  in  th e  case  o f  F e^ P ts  3
to  th e  in c re a s e  i n  f r e e  energy  w hich accom panies a  d e c re a se  i n  th e  d eg ree  
o f  p a r e n t  p h ase  lo n g  ran g e  o r d e r .  On f u r t h e r  c o n s id e r a t io n ,  how ever,, su ch  
an argum ent i s  o n ly  r e le v a n t  i f  v a r i a t i o n s  in  th e  f r e e  en e rg y  o f  th e  
m a r te n s i te  due to  changes in  th e  -o rd er i n h e r i t e d  from th e  p a r e n t  p h a se  
a re  i n s i g n i f i c a n t .  The c o n t r ib u t io n  o f  i n h e r i t e d  o rd e r  to  th e  o v e r a l l  
f r e e  en erg y  o f  th e  m a r te n s i te  i s  v e ry  d i f f i c u l t  to  i n v e s t i g a t e ,  s in c e  
v e ry  l i t t l e  i s  known ab o u t th e  m e ta s ta b le  o rd e r in g  o f  f e e  s t r u c t u r e s  
w ith  e l e c t r o n  c o n c e n tr a t io n s  g r e a t e r  th a n  th e  c r i t i c a l  H um e-Rothery 
v a lu e  and even l e s s  i s  known ab o u t o rd e r in g  te n d e n c ie s  i n  th e  com plex 
s ta c k in g  s h i f t  s t r u c t u r e s  p r e s e n t  in  Cu-Zn-Al m a r te n s i te s .  F u r th e rm o re , 
th e  o rd e r in g  w i th in  th e  p ro d u c t p h ase  i s  h e re  d i c t a t e d  by  th e  m echanism  
o f  d i f f u s io n l e s s  tra n s fo rm a tio i i 'w h ic h  does n o t n e c e s s a r i ly  l e a d  to  th e  
m ost e n e r g e t i c a l l y  fa v o u ra b le  s t r u c t u r e  (com pared w ith  th e  e q u i l ib r iu m  
s t r u c t u r e s  form ed by d i f f u s io n  p r o c e s s e s ) .
From such  c o n s id e ra t io n s  we m ust c o n te n t  o u r s e lv e s  w ith  th e  
q u a l i t a t i v e  s ta te m e n t t h a t  th e  d eg ree  o f  lo n g  ran g e  o rd e r  p r e s e n t  i n  th e  
p a r e n t  phase  w i l l  s h i f t  th e  m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu r e s ,  and  
a c c e p t th e  f a c t  t h a t  p a r t i c u l a r  sy stem s may y i e l d  e i t h e r  a  d e c re a s e  o r
a n  i n c r e a s e  i n  t h e  m a r t e n s i t i c  t r a n s f o r m a t io n  t e m p e r a t u r e s .
I f ,  a s  seems th e  case  f o r  A llo y  *f, th e  en d o th erm ic  a c t i v i t y  
shown in  th e  th e rm a l a n a ly s i s  curve i l l u s t r a t e d  i n  F ig u re  3 1 , i s  a s s o c ­
i a t e d  w ith  some d eg ree  o f  d is o rd e r in g  w ith in  th e  p a r e n t  p h a s e , i t  i s  n o t  
im m ed ia te ly  c l e a r  why t h i s  sh o u ld  r e a c h  a  maximum a t  ab o u t 38OK (107°C) 
and  th e n  g r a d u a l ly  d e c re a se  w ith  f u r t h e r  in c r e a s e s  i n  te m p e ra tu re .  I f  
we r e t u r n  to  F ig u re  23 we o b se rv e  t h a t  th e  deg ree  o f  d e p re s s io n  
p ro d u ced  by in te rm e d ia te  h e a t  tr e a tm e n t in c r e a s e s  r a p id l y  w ith  in c r e a s in g  
h e a t  tr e a tm e n t  te m p e ra tu re ; u n t i l  about.-.420K''(.1^7°C) 'v^hen^fu rthe r;‘v: ■
in c re a s e s  in  te m p e ra tu re  p roduce  v e ry  l i t t l e  in c re a s e  i n  th e  d eg ree  o f  
d e p re s s io n .  "
•S ince  th e  q u e n c h in g -in  o f  a p p re c ia b le  d is o rd e r  in to  e i t h e r  Cu-Zn 
o r  Cu-Al b e ta  p h a se s  h a s  g e n e r a l ly  been  th o u g h t to  be im p o s s ib le ,  i t  
a p p e a rs  l i k e l y  t h a t  th e  p r e s e n t  r e s u l t s  in d ic a te  th e  p re s e n c e  o f  a  
seco n d ary  o rd e r in g  t r a n s fo rm a tio n ,  w hich in  th e  a l lo y s  u n d e r i n v e s t i g a t i o n  
e x h i b i t s  a c r i t i c a l  o rd e r in g  te m p e ra tu re  o n ly  j u s t  above room te m p e ra tu re .
From such  c o n s id e r a t io n s  i t  i s  s t r a ig h t f o r w a r d  to  a t t r i b u t e  th e
ex o th e rm ic  a c t i v i t y  p r e s e n t  i n  th e  b e t a  p h ase  o f  A llo y  h to  t h i s  
se c o n d a ry  o rd e r in g  r e a c t io n ,  see  F ig u re * 29 . W h ils t th e  en d o th e rm ic  
a c t i v i t y  i l l u s t r a t e d  in  F ig u re  3^? a lo n g  w ith  th e  M* te m p e ra tu re  s h i f t s  
shown i n  F ig u re  2 3 j a re  i n d i c a t iv e  o f  th e  d is o r d e r in g  o f  t h i s  new 
o rd e re d  s t r u c t u r e .
The .co m p o s itio n a l dependence o f  th e  h e a t  t r e a tm e n t  in d u c e d  M* 
s h i f t s  i n  Cu-Zn-Al a l lo y s  i s  i l l u s t r a t e d  i n  F ig u re  3 2 . I t  i s  s i g n i f i c a n t  
t h a t  a s  th e  alum inium  c o n te n t o f  th e  a l l o y  in c re a s e s  on t r a v e r s i n g  th e
M = 273^ (0°C ) s e c t io n  o f  th e  te r n a r y  c o n s t i t u t i o n  diagram  g iv e n  i n  —s  ..
F ig u re  17? th e  in te rm e d ia te  h e a t  tr e a tm e n t  te m p e ra tu re  above w hich  - . ‘. . 
fu rth er/M f- s h i f t s  a r e  n o t .o b se rv e d '.a lso  in c r e a s e s .  ■ .>. ’ :  ^ ; ;■ - —
The te m p e ra tu re s  w hich d e f in e  th e  ra n g e  o v er w hich th e  p ro p o se d  
se c o n d a ry  o rd e r in g  r e a c t io n  ta k e s  p la c e  a re  i l l u s t r a t e d  i n  F ig u re  4-7.
I t  s h o u ld  be k e p t i n  mind , how ever, t h a t  a l lo y s  e x h ib i t i n g  low alum inium  
c o n te n ts  and  w hich a l s o  e x h ib i t  very! low seco n d a ry  o rd e r in g  te m p e ra tu re s  
may n o t  have a t t a i n e d  f u l l  e q u i l ib r iu m  and  th e r e f o r e  th e  s h i f t s  a f t e r  
h e a t  t r e a tm e n t  may n o t  be te rm in a l  v a lu e s .
6 .3  The p r e d ic t io n  o f  Cu-Zn-Al o r d e r in g  b e h a v io u r
To c o n s t r u c t  a  model d e s c r ib in g  Cu-Zn-Al o rd e r in g  b e h a v io u r  i t  
i s  e s s e n t i a l  to  f i r s t l y  c o n s id e r  th e  b e h a v io u r  o f  th e  two p a r e n t  b e t a  
p h a s e s ,  Cu-Al and Cu-A l. F o r ou r p r e s e n t  p u rp o s e s , b ecau se  o f  th e  l a c k  
o f  e x p e r im e n ta l in fo rm a tio n  c o n ce rn in g  th e  o rd e r in g  b e h a v io u r  o f  b e t a  
b r a s s  o u ts id e  th e  narrow  co m p o sitio n  ra n g e  w hich e x h i b i t s  low  te m p e ra tu re  
s t a b i l i t y ,  we s h a l l  ad o p t th e  p r e d ic t io n  o f  b e ta  b r a s s  o rd e r in g  a s
(41 )p ro p o sed  by In d en  and w hich i s  i l l u s t r a t e d  in  F ig u re  8 .
C o n tra s t in g  w ith  th e  la c k  o f  o rd e r in g  in fo rm a tio n  i n  th e  b e t a  b r a s s  
system  i s  th e  abundance o f  in fo rm a tio n  a v a i la b l e  co n c e rn in g  th e  o r d e r in g  
b eh a v io u r o f  Cu-Al b e ta  p h a s e s . Two d i f f e r e n t  o rd e r in g  m odels a r e  a v a i l ­
a b le  f o r  t h i s  sy stem . The c u r r e n t ly  fa v o u re d  m odel, w hich i s  i l l u s t r a t e d  i n  
F ig u re  2 ,. . in d i c a te s  t h a t  th e  c r i t i c a l  o rd e r in g  te m p e ra tu re s  c o n t in u e
to  in c re a s e  w ith  in c r e a s in g  alum inium  c o n te n t ,  even  above 3 0 ( a t ) ^  a lu m - 
(8)inium . , • T h is  c o n f l i c t s  w ith  th e  o r i g i n a l  o b s e rv a t io n s  by  Kurdyumov
who p r e s e n te d  th e  Cu-Al b e ta  p h ase  o rd e r in g  te m p e ra tu re s  a s  a  lo o p  • ' ■< <
(2) : .
c e n tre d  ab o u t th e  co m p o sitio n  C u 2 6 .3 (a t)$ A l . .T h is  c o n f l i c t  may b e
r e s o lv e d  i f  two ty p e s  o f  o rd e r in g  r e a c t io n  a re  p ro p o se d .
The cu rve i l l u s t r a t e d  i n  F ig u re  2  may be d i r e c t l y  com parab le  t o  
th e  A2-B2 t r a n s fo rm a tio n  shown i n  F ig u re  8 f o r  Cu-Zn, w h i l s t  th e  o r d e r in g  
lo o p  p ro p o se d  by Kurdyumov f o r  th e  Cu-Al system  may c o rre sp o n d  to  th e  
B2-D0^  and A2-D0^ t r a n s i t i o n s  w hich a re  a l s o  shown i n  F ig u re  8 . T h ere  
i s  no e x p e r im e n ta l ev id en ce  f o r  th e  B2 o rd e re d  p h ase  i n  b e ta  C u-A l,
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F ig u re  b7 . The in f lu e n c e  o f  alum inium  c o n te n t  ( a lo n g  th e  s e c t i o n
o f  th e  Cu-Zn-Al te r n a r y  p h ase  diagram  d e s c r ib e d  by  E q u a tio n  18) on
th e  th e rm a lly  a c t iv a t e d  p ro c e s s e s  p r e s e n t  i n  Cu-Zn-A l a l l o y s .
H -  An e s t im a te  o f  th e  h ig h e s t  te m p e ra tu re  a t  w hich  any  f u r t h e r
in c r e a s e  i n  te m p e ra tu re  p ro d u ces  no M d e p re s s io n  (from  F ig u re  3 2 ) .s
m  -  The lo w e s t h e a t  tr e a tm e n t  te m p e ra tu re  a t  w hich  a l l o y s  p r e v io u s ly
h e a t  t r e a t e d  to  y i e l d  te rm in a l  M tem per a t t i r e s  e x h i b i t  M d e p re s s io n s -s  s
( a ls o  from  F ig u re  3 2 ) .
how ever t h i s  i s  h a rd ly  s u r p r i s in g  s in c e  i f  i t  were p r e s e n t  i t  w ould o n ly  
e x i s t  o v e r  a  v e ry  narrow  co m p o sitio n  and  te m p e ra tu re  ra n g e , and  on c o o lin g  
w ould be e x p e c te d  to  tra n s fo rm  v e ry  r a p id l y  to  th e  DO  ^ ty p e  o f  s t r u c t u r e .
F ig u re  50 i l l u s t r a t e s  a  p ro p o se d  model w hich d e s c r ib e s - b o th  Cu-Zn 
and  Cu-Al b e ta  p h ase  o rd e r in g  b e h a v io u r . The fo llo w in g  in fo rm a tio n  i s  
in c lu d e d  i n  t h i s  d iagram : ’ The p u b l is h e d  e x p e r im e n ta lly  d e te rm in e d  v a lu e s , ' 
( s o l id -  l i n e s . ) , l i n d e n ’s  .p re d ic te d  b e h a v io u r  f o r  Cu-Zn (d ash ed  l i n e s )  an d  th e  
p r e s e n t  p ro p o se d  model f o r  o rd e r in g  i n  Cu-Al ( d o t t e d  l i n e s ) .
6 .3*1 The l i n e a r  e x t r a p o la t io n  model
To d e te rm in e  w h eth er th e  m a r t e n s i t i c  t r a n s fo rm a tio n  b e h a v io u r  
d e s c r ib e d  i n  C h ap te r 5 niay be r e l a t e d  to  some form  o f  se c o n d a ry  o r d e r in g  
r e a c t io n ,  p e rh a p s  o f  th e  ty p e  B2-D0^, i t  i s  n e c e s s a ry  to  d evelop  a  model 
f o r  Cu-Zn-A l o rd e r in g  b e h a v io u r . F ig u re  51 i l l u s t r a t e s  th e  b e t a  p h a se  
o rd e r in g  b e h a v io u r  f o r  th e  B2-D0^ r e a c t io n  a c ro s s  th e  t e r n a r y  Cu-Zn-A l .... 
c o n s t i t u t i o n  d iag ram . T h is  model h a s  been  c o n s tru c te d  by e x t r a p o la t i n g  
l i n e a r l y  th e  b in a ry  o rd e r in g  b e h a v io u r  shown i n  F ig u re  50 a c r o s s  th e  
te r n a r y  d iag ram . The o p e r a t io n a l  a ssu m p tio n  i s  made t h a t  th e  b e t a  p h a se  
i s  s t a b l e  a c ro s s  th e  e n t i r e  te r n a r y  d iag ram . A lso p r e s e n te d  i n  F ig u re  51 
i s  th e  app ro x im ate  band  o f  co m p o sitio n s  w hich e x h ib i t  m a r t e n s i t i c  ;-'tv
tr a n s f o r m a t io n s  o v e r th e  ran g e  273K-373K.
I t  i s  a p p a re n t from  t h i s  model t h a t  th e  B2-D0^ t r a n s f o r m a t io n  
te m p e ra tu re s  in c r e a s e  on t r a v e r s in g  th e  te r n a r y  s e c t io n  u n d e r c o n s id e r ­
a t io n  from  z in c  r i c h  to  alum inium  r i c h  a l l o y s .  T h is  i s  c o n s i s t e n t  w i th  
b o th  th e  low te m p e ra tu re  a g e in g  r e s u l t s  p r e s e n te d  in  F ig u re  J>Z an d  th e  
p re v io u s  e l e c t r o n  d i f f r a c t i o n  s tu d ie s  o f . a l l o y s  n e a r  th e  c e n t r e  o f  th e  
te r n a r y  c o n s t i t u t i o n  diagram : w hich have been  found  to  p o s s e s s  th e  DO
( Ws t r u c t u r e  a t  room te m p e ra tu re  • T h is  good c o r r e l a t i o n  be tw een  
e x p e r im e n ta l r e s u l t s  and th e  p r e d ic t e d  b e h a v io u r  m ust be t r e a t e d  w ith  
c a u t io n  how ever, s in c e  such  a  l i n e a r  e x t r a p o la t io n  model ta k e s  i n t o
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F ig u re  51» The l i n e a r  e x t r a p o la t io n  model w hich d e s c r ib e s  th e  B2-D0.
p hase  b o u n d a r ie s  i n  b e ta  p h ase  Cu-Zn-A l
acc o u n t n e i th e r  th e  p o s s ib le  i n t e r a c t i o n s  betw een alum inium  and  z in c ,  
n o r th e  te r n a r y  e n tro p y  f a c t o r  w hich i s  i s  l i k e l y  to  have a  c o n s id e ra b le  
in f lu e n c e  on th e  f r e e  e n e rg ie s  o f  th e  com peting  o rd e re d  p h a s e s .
T o -c o n s tru c t  a  more r ig o ro u s  model f o r  th e  c o m p o s itio n a l dependence 
o f  th e  B2-D0^ p h ase  boundary , i t  i s  n e c e s s a ry  to  ad o p t a  m ethod su ch  a s  
t h a t  u se d  by In d en  and w hich i s  o u t l in e d  i n  S e c t io n  2 . ^ . 2 . T h is  i s  
d is c u s s e d  f u r t h e r  i n  th e  fo llo w in g  s e c t io n s .
6 .3 .2  The c a l c u la t io n  o f  o rd e r in g  b e h a v io u r
I f  a  minimum f r e e  en e rg y  s e a rc h  i s  made th ro u g h o u t a  t e r n a r y  sy stem , 
th e  m ost e n e r g e t i c a l l y  fa v o u ra b le  l a t t i c e  s t r u c t u r e s  may be d e te rm in ed ; and  
th e r e f o r e  an  o rd e r in g  model c o n s tru c te d .  To make su ch  a  f r e e  e n e rg y  
s e a rc h  E q u a tio n  17 may be u se d  i f  th e  n e a r e s t  (nn) and  n e x t n e a r e s t  (nnn) 
n e ig h b o u r in te rc h a n g e  e n e rg ie s  betw een  Cu:Zn, Cu:A l and  AlVZn a re  known.
.In  t h i s  manner th e  in d e p en d en t v a r ia b le s  co m p o sitio n  and te m p e ra tu re  a r e  
v a r ie d  and  th e  lo n g  ra n g e  o rd e r  p a ra m e te rs  x ^ , Xg, y ^ , y ^ , z^  and  Zg 
com puted s o j t h a t  th e  o rd e re d  s t r u c t u r e s  p r e s e n t  a c ro s s  th e  C u-Zn-A l p h a se  
d iagram  may be d e te rm in e d .
F o r a  p r e l im in a ry  a t te m p t to  c a l c u la te  th e  o rd e r in g  b e h a v io u r  o f  
Cu-Zn-A l b e ta  p h a se s  a  number o f  s im p l i fy in g  a ssu m p tio n s  a r e  p o s s i b l e .
I n  th e  p r e s e n t  case  we need  o n ly  c o n s id e r  v a r i a t i o n s  i n  th e  B2-D0 c r i t i c a l  
o rd e r in g  te m p e ra tu re s  a lo n g  th e  p a r t i c u l a r  t e r n a r y  s e c t i o n  o f  th e  
Cu-Zn-A l c o n s t i t u t i o n  diagram  w hich d e s c r ib e s  a l lo y s  e x h i b i t i n g  tem p - 
e r a t u r e s  c lo s e  to  room te m p e ra tu re . F u rth erm o re  s in c e  the::B2 a n d “ ‘,f- '
DO  ^ s t r u c t u r e s  a re  th e  o n ly  ones to  have been  found  i n  th e  p a r e n t  b in a r y  
sy s tem s , Cu-Zn and Cu-A l, i t  i s  r e a s o n a b le  to  i n i t i a l l y  r e s t r i c t  o u r s e lv e s  
to  th e  co m p u ta tio n  o f  th e  r e l a t i v e  s t a b i l i t i e s  o f  th e s e  two p h a s e s .  I n  
th e  fo llo w in g  s e c t io n s  a  model w i l l  be dev e lo p ed  u s in g , th e  p r e c e d in g  
assu m p tio n s  and  t h i s  w i l l  be compared W ith a  m ore‘ r ig o r o u s  m odel b a s e d  , „ 
on a  com plete  minimum f r e e  en e rg y  s e a r c h ;  F i n a l l y  th e s e  v a r io u s  m odels
w i l l  be t e s t e d  a g a in s t  th e  a v a i la b le  e x p e r im e n ta l in fo rm a tio n  f o r  th e  
Cu-Zn-Al b e t a  p h a s e .
(A )‘O ccu p a tio n  p r o b a b i l i t i e s  and  o rd e r in g  p a ra m e te rs
I n  th e  fo llo w in g  a n a ly s i s  we s h a l l  o n ly  c o n s id e r  a l l o y s  c o n ta in in g  
betw een 23 ( a t ) $  and  50 ( a t )% t o t a l  s o lu te  ( z in c  and alum inium ) i n  c o p p e r . 
F u rth e rm o re  we s h a l l  make th e  o p e r a t io n a l  a ssu m p tio n  t h a t  th e  b e t a  p h a se  
i s  s t a b l e  a c r o s s  a l l  th e  co m p o sitio n  ra n g e s  o f  i n t e r e s t .  T h is  means t h a t  
f o r  th e  p r e s e n t ,  n e i th e r  th e  a lp h a  n o r gamma p h a se s  n e e d .b e  c o n s id e re d . 
H aving now d e te rm in e d  th e  s t a r t i n g  c o n d i t io n s  f o r  th e  p r e s e n t  model i t  
i s  n e c e s s a ry  to  a s s ig n  v a lu e s  to  b o th  th e  a to m ic  in te rc h a n g e  e n e r g ie s  and  
th e  r e l e v a n t  s i t e  o c c u p a tio n  p r o b a b i l i t i e s .  The in te rc h a n g e  e n e rg ie s  
w i l l  be p r e s e n te d  i n  p a r t  (B) o f  t h i s  s e c t io n ,  w h i l s t  th e  re m a in d e r o f  
th e  p r e s e n t  s e c t io n  w i l l  be d ev o ted  to  d e te rm in in g  s i t e  o c c u p a tio n  p ro b ­
a b i l i t i e s .
I n  th e  absence  o f  a  more r ig o ro u s  ap p ro ach  we s h a l l  assum e t h a t  
th e  g round  s t a t e  (OK) s i t e  o c c u p a tio n  p r o b a b i l i t i e s  may be u s e d . F o r  
c l a r i t y  th e  s i t e  o c c u p a tio n  p r o b a b i l i t i e s  w i l l  be d e s c r ib e d  i n  r e l a t i o n  
to  th e  d iagram  p re s e n te d  in  F ig u re  6 and  th e  n o ta t io n  w i l l  be t h a t  u s e d  
i n  S e c t io n  2 .3«1» th e  A2 d is o rd e re d  s t r u c t u r e  th e  s i t e  o c c u p a tio n  
p r o b a b i l i t i e s  a re  s im p ly  e q u a l to  th e  a to m ic  f r a c t i o n  o f  each  s p e c i e s .  I n  
th e  ca se  o f  B2 o r d e r ,  o v er th e  co m p o sitio n  ran g e  u n d e r c o n s id e r a t io n ,  s i t e s  
I  and  I I  a re  o ccu p ied  by Cu atom s;, w h i l s t  Zn, A1 and  th e  re m a in in g  Cu 
atom s occupy e q u a l ly  th e  s i t e s  I I I  and  IV . I n  th e  D0_ o rd e re d  s t r u c t u r e  
we s h a l l  assume t h a t  s i t e  IV i s  f u l l y  o c c u p ie d  by th e  Zn and  A1 s o lu t e  
atom s. However s in c e  i n  th e  p r e s e n t  ca se  th e r e  i s  more th a n  2 5 ( a t ) $  t o t a l  
s o lu t e ,  i t  i s  n e c e s s a ry  to  e s t a b l i s h  w h e th e r A1 o r  Zn atom s p r e f e r e n t i a l l y  
occupy s i t e  IV . F o r s im p l i c i t y  i t  w i l l  be assum ed t h a t  a l l  th e  a v a i l a b l e  
A1 atom s occupy p o s i t i o n s  on s i t e  IV , w h i l s t  th e  re m a in in g  s i t e  IV  p o s i t i o n s  
a re  o c c u p ie d  by Zn a tom s. At t h i s  s ta g e  we m ust em phasise  t h a t  o u r  p r e s e n t
d e s c r ip t io n  o f  th e  s i t e  o c c u p a tio n  p r o b a b i l i t e s  in  t e r n a r y  DO-^  s t r u c t u r e  
a l lo y s  i s  b a se d  on a number o f  s im p l ify in g  a ssu m p tio n s ; f u r t h e r  c o n s id e r ­
a t io n  i s  g iv e n  to  th e s e  in  p a r t s  (C) and (D ).
A summary o f  th e  assum ed ground s t a t e  s i t e  o c c u p a tio n  p r o b a b i l i t i e s  
f o r  each  o rd e re d  s t r u c t u r e ,  a s  a  f u n c t io n  o f  c o m p o sitio n , f o r  each  s p e c ie s  
on each  o f  th e  s i t e s  I  -  IV i s  g iv e n  in  T ab le  9 • From th e s e  s i t e  
o c c u p a tio n  p r o b a b i l i t i e s  i t  i s  p o s s ib le  to  d e f in e  th e  lo n g  ran g e  o rd e r  
p a ra m e te rs  x^ , x^ , y^ , and y^ by u s in g  E q u a tio n s  'Ik and  13 in  C h ap te r 2 .
(B) The d e te rm in a tio n  o f  in te rc h a n g e  e n e rg ie s
The chem ica l in te rc h a n g e  e n e rg ie s  (W^  and W^) and  th e  v a r io u s  
m ethods a v a i la b l e  f o r  t h e i r  d e te rm in a tio n  have been  c o n s id e re d  i n  C h ap te r 2 . 
I n  th e  p r e s e n t  s e c t io n  an  a t te m p t i s  made to  d e te rm in e  v a lu e s  o f  and 
f o r  Cu:Zn, Cu:Al and A l:Z n p a irw is e  i n t e r a c t i o n s .  V alues f o r  Cu:Zn 
w i l l  be ta k e n  d i r e c t l y  from e x i s t i n g  l i t e r a t u r e ,  w h i l s t  th e  Cu:A l and 
A l:Z n in te rc h a n g e  e n e rg ie s  w i l l  be d e r iv e d  from  th e  known therm odynam ic 
d a ta  f o r  th e  two b in a ry  sy stem s Cu-Al and A l-Zn.
Cu:Zn
The r e le v a n t  v a lu e s  f o r  t h i s  system  w i l l  be ta k e n  d i r e c t l y  from  
: Reference 4-1 and a re  a s  f o l lo w s : -
—
1k u n i t  = 13*8 x  10 J
Cu: A1
The fo llo w in g  s t r u c t u r a l  and therm odynam ic in fo rm a tio n  co n c e rn in g
th e  Cu-Al b in a ry  system  may be u sed  to  d e te rm in e  th e  Cu:A l chem ica l
in te rc h a n g e  e n e r g ie s : -
1. The c r i t i c a l  DO o rd e r in g  te m p e ra tu re  r e p o r te d  f o r  Cu25 (at)% A l
5
( 8 )i s  793K • S in ce  no form o f  o rd e r  s im p le r  th a n  DO (eg . B2) 
h a s  been  d e te c te d  i n  t h i s  sy stem , we s h a l l  assume t h a t  t h i s
W1 - 955k 
W2 = 339k
A2 b 2
DS
I
PCu Cu 1 1
I I
pCu Cu 1 1
I I I
PCu Cu 2(Cu~ ■§■) 4(C u- -J)
IV
PCu Cu 2(Cu~ A-) 0
I
PZn Zn 0 0
I I
p Zn Zn 0 0
I I I
PZn Zn 2Zn ^CZn-CJ-Al))
IV
PZn Zn 2Zn -  A l)
I
PA1 A1 0 0
I I
PA1 A1 0 0
I I I
PA1 A1 2A1 0
IV
PA1 A1 2A1 Aa i
T ab le  9 » S u g g ested  s i t e  o c c u p a tio n  p r o b a b i l i t i e s  a s  a  f u n c t io n  o f  
co m p o sitio n  (a to m ic  f r a c t i o n s ) .
c r i t i c a l  o r d e r in g  te m p e r a tu r e  r e f e r s  t o  t h e  r e g i o n  o f  t h e
p h a se  d iagram  where th e  A2-B2 and A2-D0^ t r a n s fo rm a tio n s  c o ih -
* /■
c id e  (su ch  a  r e g io n  i s  a l s o  th o u g h t to  e x i s t  i n  th e  i n  th e  Cu-Zn
(41)system  a s  p r e d ic te d  by  In d en  and i l l u s t r a t e d  i n  F ig u re  8 ) .
2 . The h e a t s  o f  fo rm a tio n  f o r  a l lo y s  i n  th e  Cu-Al b in a ry  system  
(142)a r e  a v a i la b l e  and , in d e p en d en t o f  s t r u c t u r e ,  th e y  fo llo w
v e ry  c lo s e ly  an  i d e a l  s o lu t io n  model c e n tr e d  ab o u t th e  eq u ia to m ic
-1co m p o sitio n . A t t h i s  co m p o sitio n  a  v a lu e  o f  -2 0 ,9 0 0  Jm ol 
-1■+ 4180 Jm ol i s  fo und .
.A v a lu e  f o r  w i l l  be  d e te rm in ed  from c o n s id e ra t io n s  o f  th e  c r i t i c a l
o rd e r in g  te n p e r a tu r e  a t  th e  Cu^Al co m p o sitio n . E q u a tio n  12 in  S e c t io n
2 .4 .1  d e s c r ib e s  how t h i s  may be done, however to  u se  t h i s  e q u a t io n  i t  i s
f i r s t l y  n e c e s s a ry  to  a s s ig n  a  v a lu e  to  th e  o rd e r in g  p a ra m e te r  ( x ) .  F o r
s im p l i c i t y  th e  ground s t a t e  v a lu e s  f o r  th e  s i t e  o c c u p a tio n  p r o b a b i l i t i e s
w i l l  be chosen , a s  o u t l in e d  i n  T ab le  17* and a  v a lu e  f o r  x  a t  th e  co m p o sitio n
Cu_Al c a lc u la te d  u s in g  E q u a tio n  5• A - fu r th e r  c o m p lic a tio n  i s  th e  c o r r e c t io n  
z>
f a c t o r  (p ) w hich m ust be u se d  to  a d ju s t  f o r  d i f f e r e n c e s  betw een  th e  c a l c u l ­
a t e d  and e x p e r im e n ta lly  d e te rm in ed  c r i t i c a l  o rd e r in g  te m p e ra tu re s .  T h is  
-c o r re c tio n  f a c t o r  h a s  been  d is c u s s e d  i n  S e c t io n  2 .4 .1  and f o r  o u r p r e s e n t  
p u rp o s e s ,  i n  th e  absence  o f  more d e t a i l e d  in fo rm a tio n , i t  w i l l  be assum ed 
t h a t  th e  v a lu e  u se d  by In d en  f o r  th e  Cu-Zn system  (p = O .67 ) may be u se d  
i n  th e  p r e s e n t  c a se . By a p p ly in g  th e s e  a ssu m p tio n s , E q u a tio n  12 y i e ld s  
a  v a lu e  f o r  ¥^ > o f  792k«
The r e l a t i o n s h ip  betw een h e a ts  o f  fo rm a tio n  and in te rc h a n g e  e n e r g ie s ,  
a s  d e s c r ib e d  i n  E q u a tio n  10, can now be u se d  to  a s s ig n  a  v a lu e  to  ¥ ^ . No 
f u r t h e r  a ssu m p tio n s , beyond th o s e  in h e re n t  in  th e  th e o ry  d e s c r ib e d  in  
C h ap te r 2 , a re  r e q u ir e d  and a  v a lu e  f o r  ¥^ o f  1918k  i s  fo und .
¥ o rk  i s  a l s o  a v a i la b le  w hich r e l a t e s  d i f f e r e n t  ty p e s  o f  b e t a  p h a se
( 57 )
o rd e r in g  b eh av io u r to  p a r t i c u l a r  r a t i o s  o f  ¥^ to  ¥^  • J n  th e  ca se  o f
Cu^Al i t  i s  known t h a t  th e  DO^ p h ase  i s  th e  o n ly  one w hich h a s  been
(57)e x p e r im e n ta l ly  o b se rv ed . A ccord ing  to  I n d e n 's  work t h i s  s t r u c t u r a l  
c o n d i t io n  r e q u i r e s  a  r a ^ i °  g r e a t e r  th a n  1 .5 -  The v a lu e s  o f
e n d  w hich have been  c a lc u la te d ,  and w hich a re  g iv e n  below , a re  c o n s i s t ­
e n t  w ith  t h i s  r a t i o .
¥ 1 =  1918k
W2 = 792k
A l:Z n
S in ce  t h i s  b in a ry  system  e x h ib i t s  a  m i s c i b i l i t y  gap i n  th e  e q u i l i -
(7 )b riu m  p h ase  d iagram , o rd e r in g  te n d e n c ie s  a re  n o t  e x p e c te d  . An
ap p rox im ate  v a lu e  o f  may be c a lc u la te d  from h e a t s  o f  fo rm a tio n  d a ta
i f  i s  assum ed to  e q u a l z e ro . The h e a t  o f  fo rm a tio n  o f  th e  e q u ia to m ic
-1  -1AlSJn f e e  p h a se  h a s  been  shown to  be betw een 2926 Jm ol and  V l80 Jm ol . 
I f  E q u a tio n  10 i s  now a p p l ie d ,  u s in g  th e  mean v a lu e  o f  t h i s  ra n g e  o f  
fo rm a tio n  e n th a lp ie s ,  a  v a lu e  f o r  o f  ap p ro x im a te ly  -250k  i s  fo und .
T h is  v a lu e  sh o u ld  be t r e a t e d  w ith  c a u t io n  s in c e  e r r o r s  o f  th e  o rd e r  o f  
jb 100^ a re  l i k e l y ;  due to  th e  la r g e  ran g e  o f  fo rm a tio n  e n th a lp y  v a lu e s  
a n d  th e  f a c t  t h a t  th e  e n th a lp y  v a lu e s  r e f e r  to  th e  f e e  s t r u c t u r e  and 
n o t  th e  b cc  s t r u c t u r e  w ith  w hich we a re  concerned  i n  th e  p r e s e n t  w ork.
V  = -250
t/ = 02
These v a lu e s  w i l l  be c o n s id e re d  f u r t h e r  i n  p a r t  (D ), i n  w hich
th e  f u l l  minimum f r e e  en e rg y  s e a rc h  w i l l  be u sed  to  d e te rm in e  th e  B2- 
DO^ c r i t i c a l  o rd e r in g  te m p e ra tu re s . I t  sh o u ld  be a p p r e c ia te d  t h a t  th e  
p r e s e n t  v a lu e s  o f  W2 en ab le  o n ly  th e  s im p le s t  c a l c u la t io n s  to  be made, 
n e v e r th e le s s ,  a s  anay be se e n  from  th e  n e x t s e c t io n ,  u s e f u l  q u a l i t a t i v e  
c o n c lu s io n s  may be drawn from  such  c a l c u la t io n s .
(C ) The d e t e r m in a t io n  o f  c r i t i c a l  o r d e r in g  t e m p e r a t u r e s
I n  p a r t s  (A) and  (B) we have developed  th e  p a ra m e te rs  n e c e s s a ry
1 /
t o  d e te rm in e  b o th  th e  tr a n s fo rm a tio n  e n th a lp y  (A H 3 2 -®0;?) and  th e  e n tro p y
B2—DO'd if f e r e n c e  betw een th e  two p h a se s  (A S  3 ) .  These therm odynam ic 
f u n c t io n s  can be d e te rm in ed  u s in g  E q u a tio n s  13  1 ? -(S e c tio n s  2 .4 .2  and
2 .4 .3 )  w hich have been  developed  f o r  th e  b in a ry  and te r n a r y  case  r e s p e c t ­
iv e ly .  The fo llo w in g  s im p le  a n a ly s i s  g iv e s  u s  a  q u a l i t a t i v e  p i c t u r e  o f
th e  B2-D0_ c r i t i c a l  o rd e r in g  te m p e ra tu re s  a c ro s s  th e  te r n a r y  Cu-Zn-Al 
3
p h ase  d iagram . T h is  m odel, u n lik e  th e  l i n e a r  e x t r a p o la t io n  model d e s c r ib e d  
i n  S e c t io n  6 . 3 . 1 ? ta k e s  i n to  acco u n t b o th  th e  t e r n a r y  e n tro p y  te rm s  and  
th e  chem ical in te rc h a n g e  e n e rg ie s  betw een alum inium  and z in c .  ^
At th e  B2-D0^ Tq te m p e ra tu re :
A{jB2-D0 _ a h b 2-DCL . _
"  o ^
s in c e  a t  T , A G ^ ~ ^ 3  = 0 .o -
„  B2-D0 = AH32- ® ^  / A S 32- ® ^    B q u a t i« » * 6, ,
o 3
The B2-D0^ o rd e r in g  te m p e ra tu re s  a c ro s s  th e  t e rn a r y  p h ase  d iagram
may be d e te rm in ed  by s u b s t i t u t i n g  th e  therm odynam ic q u a n t i t i e s  c a l c u la te d
from  e i t h e r  E quations 13 o r  17 in to  E q u a tio n  46. T h is  app roach  i s  b a se d
B°—DOon th e  assu m p tio n  t h a t  Tq t~"' 3 te m p e ra tu re s  a re  e q u iv a le n t  to  th e  e x p e r i ­
m e n ta lly  d e te rm in ed  v a lu e s .  As h a s  been  p o in te d  o u t by In d en  t h i s  i s  
(41)n o t  th e  case  , and a  c o r r e c t io n  f a c t o r  (y,) m ust be u sed  to  change th e s e  
c a lc u la te d  te m p e ra tu re s  in to  te m p e ra tu re s  w hich may be com pared w ith  th e  
e q u iv a le n t  e x p e r im e n ta lly  d e te rm in ed  v a lu e s .  T h is  c o r r e c t io n  f a c t o r  h a s  
a l re a d y  been u se d  in  th e  d e te rm in a tio n  o f  th e  Cu:Al in te rc h a n g e  e n e r g ie s  
and th e  same v a lu e  o f  11=0 .6 7  w i l l  be u sed  in  th e  p r e s e n t  c a l c u l a t i o n s .
The v a r i a t i o n  o f  th e  c r i t i c a l  B2-D0^ o rd e r in g  te m p e ra tu re  c a l c u l a t e d  
from  E q u a tio n  46, a c ro s s  th e  te r n a r y  c o n s t i t u t i o n  diagram  from  C u37*6(a t)^Z n
to  Cu26 . 8 ( a t) / f e n , i s  i l l u s t r a t e d  i n  F ig u re  52, c u r v e b . Curve c i n  th e  
same diagram  i l l u s t r a t e s  th e  o rd e r in g  te m p e ra tu re s  o c ta in e d  I'rom th e  
l i n e a r  e x t r a p o la t io n  model d e s c r ib e d  i n  S e c t io n  6 . 3 .1 and  w hich i s  b a se d
(V I)
on b o th  In d e n ’s c a l c u la te d  Cu-Zn r e s u l t s  and  th e  e x p e r im e n ta l ly
( 8 , 2 )
o b se rv ed  Cu-Al b eh av io u r d is c u s s e d  i n  C h ap te r 2 • A lso  in c lu d e d  in
F ig u re  52 i s  th e  band o f  te m p e ra tu re s  ta k e n  from  S e c t io n  5*2*V and w hich 
i s  a s s o c ia t e d  w ith  th e  p r e s e n t  e x p e r im e n ta l ly  o b se rv ed  m a r t e n s i t i c  
t r a n s fo rm a t io n  te m p e ra tu re  s h i f t s  and  low te m p e ra tu re  b e ta  p h ase  ex o th e rm ic  
a c t i v i t y .
The above app ro ach  i s  open to  c r i t i c i s m  because o f  th e  many 
assu m p tio n s  u sed . B ecause o f - t h i s $ th e  re m a in d e r o f  t h i s  s e c t i o h  w i l l  
be co nce rned  w ith  com paring th e  r e s u l t s  o f  th e s e  c a l c u la t io n s  w ith  th o se  
o b ta in e d  u s in g  th e  more r ig o ro u s  m ethods dev e lo p ed  by In d e n .
(41)
S in ce  a model o f  b in a ry  b e ta  b r a s s  o rd e r in g  b e h a v io u r  i s  a v a i la b l e
a  good t e s t  o f  th e  p r e s e n t  m ethod i s  w hether i t  a g re e s  w ith  th e s e  p u b l is h e d
r e s u l t s  in  th e  b in a ry  c a s e . From F ig u re  52 i t  i s  a p p a re n t t h a t  f o r  th e
b e ta  p h ase  a l l o y  C u37«6(at)^Z n th e  Tq(B2-D0^) te m p e ra tu re  c a l c u la te d  by
(V I)th e  p r e s e n t  s im p le  model d i f f e r s  from  t h a t  c a l c u la te d  by In d e n  • To 
check to  w hat e x te n t  t h i s  d isc re p a n c y  may be p ro d u ced  by th e  d i f i e r e n c e s  
in  s i t e  o c c u p a tio n  p r o o a b i l i t i e s  u se d  in  th e  two f o rm u la t io n s ,  th e  To (B2-D0^) 
te m p e ra tu re  was r e c a l c u l a t e d  u s in g  s i t e  o c c u p a tio n  p r o b a b i l i t i e s  and 
o rd e r in g  p a ra m e te rs  com puted by In d en  f o r  th e  r e l e v a n t  b in a ry  a l l o y  in s te a d  
o f  th e  assum ed v a lu e s  i n  T ab le  9 • T h is  Tq (B2-D0^) te m p e ra tu re  i s  g iv e n
( V )in  T ab le  1o? a lo n g  w ith  In d e n ’s  p u b lis h e d  v a lu e  , th e  i n i t i a l  v a lu e  
c a lc u la te d  from  th e  p r e s e n t  model and  th e  p r e s e n t  e x p e r im e n ta l r e s u l t s .
From th e  Tq te m p e ra tu re s  p r e s e n te d  i n  T ab le  10 i t  i s  a p p a re n t  t h a t
th e  d i f f e r e n c e  betw een I n d e n 's  p u b lis h e d  v a lu e  and th e  i n i t i a l  c a l c u la te d
v a lu e  can be r e s o lv e d  by u s in g  s i t e  o c c u p a tio n  p r o b a b i l i t i e s  o th e r  th a n
th o se  g iv e n  in  T ab le 9 • The f a c t  t h a t  th e  r e c a l c u l a t e d  v a lu e  i s  n o t 
eq u a l to  I n d e n 's  v a lu e  f o r  t h i s  b in a ry  a l l o y  may be e x p la in e d  by th e  •-
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F ig u re  52, V a r ia t io n  in  th e  B2-D0^  c r i t i c a l  o rd e r in g  te m p e ra tu re  a c r o s s  
th e  Cu-Zn-Al te r n a r y  s e c t io n  d e f in e d  by E q u a tio n  18 . ( a )  E x p e r im e n ta l
r e s u l t s  from  F ig u re  A-7* (b ) C a lc u la te d  model b a se d  on th e  s im p l i f i e d
app roach  d e s c r ib e d  i n  S e c t io n  6 . 3 . 2 (C ). ( c )  L in e a r  e x t r a p o la t io n  m odel
d e s c r ib e d  i n  S e c tio n  6 . 3»1»
( in )
In d e n ’s  p u b lis h e d  v a lu e  ♦ *f22K
The v a lu e  o b ta in e d  from th e  p r e s e n t  model 
(S e c t io n  6 . 3 . 2 (C )) u s in g  th e  s i t e  o c c u p a tio n  
p r o b a b i l i t i e s  g iv e n  in  T ab le  9 .
303K
The v a lu e  o b ta in e d  from  th e  p r e s e n t  model
u s in g  th e  s i t e  o c c u p a tio n  p r o b a b i l i t i e s
(1^3)from  th e  work o f  Xnden . ' %
'The in te rm e d ia te  h e a t  tr e a tm e n t  te n p e r a tu r e s  
w hich p roduce  m a r t e n s i t i c  t r a n s fo rm a tio n  
te m p e ra tu re  s h i f t s ,  e x t r a p o la te d  from  th e  
te r n a r y  r e s u l t s  p r e s e n te d  i n  F ig u re  32 to  
th e  b in a ry  Cu37*6 (a t)# Z n  a l l o y .
323K+23K
T ab le  10 . The B2-D0^ Tq te m p e ra tu re s  i n  th e  b e ta  p h ase  a l l o y  Cu3 7 «6 ( a t)Z n  
a c c o rd in g  to  th e  d i f f e r e n t  m odels d is c u s s e d  in  th e  t e x t ,  t o g e th e r  w ith  
th e  te m p e ra tu re  ran g e  a s s o c ia t e d  w ith  th e  p r e s e n t  e x p e r im e n ta l o b s e rv a t io n s  
(F ig u re  32) e x t r a p o la te d  to  th e  b in a ry  a l l o y  from th e  te r n a r y  r e s u l t s  
i n  S e c t io n  5 .2 .^ -.
unavailability o f  o rd e r in g  p a ra m e te rs  d e s c r ib in g  D O t y p e  o r d e r .  |
D e sp ite  th e  re m a in in g  d is c r e p a n c ie s  betw een e x p e r im e n ta l r e s u l t s  
and  c a lc u la te d  o rd e r in g  te m p e ra tu re s ,  th e  c o r r e l a t i o n  i s  s u f f i c i e n t l y  
e n c o u ra g in g  to  j u s t i f y  a  more r ig o r o u s  fo rm u la tio n ;  and su ch  a  fo rm u la tio n  
i s  p r e s e n te d  i n  th e  n e x t p a r t . o f  t h i s . s e c t i o n .
(D) O rd e rin g  te m p e ra tu re s  d e r iv e d  from a  minimum f r e e  e n e rg y  s e a rc h
L ead ing  from th e  c a l c u la t io n s  p r e s e n te d  in  p a r t  (C ), In d e n  h as
a tte m p te d  to  p roduce  a  more r ig o r o u s  model f o r  Cu-Zn-Al o rd e r in g  b eh a v io u r
b a se d  on th e  minimum f r e e  en e rg y  s e a rc h  co m p u ta tio n s  d ev e lo p ed  in  R e fe r -
ence J>6 ■ . I l l u s t r a t e d  in  F ig u re  53 a re  fo u r  v e r s io n s  o f  th e  B2-D0
\
c r i t i c a l  o rd e r in g  te m p e ra tu re ,  c a l c u la te d  by In d e n , a c ro s s  th e  r e l e v a n t
(14-3)t e r n a r y  s e c t io n  o f  tn e  p h ase  diagram  ■ . The chem ica l in te rc h a n g e  e n e rg ie s
w hich have been  u se d  to  compute each  o f  .these fo u r  o rd e r in g  te m p e ra tu re  
cu rv es  a re  p r e s e n te d  in  T ab le  11 . The cu rv es  i l l u s t r a t e d  i n  F ig u re  53? 
in', common w ith  th o se  shown in  F ig u re  52, have been  c o r r e c te d  u s in g  a  
s c a l in g  f a c t o r  (p,) o f  O .67 . The c o r r e l a t i o n s  betw een th e s e  c u rv e s , th e  
r e s u l t s  p r e s e n te d - in  F ig u re  52 and th e  d i f f e r e n t  s e t s  o f  in te rc h a n g e  
e n e rg ie s  p r e s e n te d  in  T ab le  11 a re  d is c u s s e d  i n  th e  rem a in d e r o f  t h i s  
s e c t io n .
I f  we compare th e  e x p e r im e n ta l r e s u l t s  and  ap p ro x im ate  c a l c u la t io n s
(14-3)
i l l u s t r a t e d  i n  F ig u re  52 w ith  th e  more r ig o r o u s  c a l c u la t io n s  by In d en  
w hich a re  g iv e n  in  F ig u re  53? i t  i s  a p p a re n t t h a t  a l l  th e  p r e s e n t  m odels 
show t h a t  a lo n g  th e  te r n a r y  s e c t io n  o f  th e  Cu-Zn-Al p h ase  d iagram  w hich 
d e s c r ib e s  a l lo y s  p o s s e s s in g  Mg te m p e ra tu re s  c lo s e  to  273K (0 °C ), th e  
B2-D0^ c r i t i c a l  o rd e r in g  te m p e ra tu re  in c r e a s e s  w ith  in c r e a s in g  alum inium  
c o n te n t .  Curve 1, f ig u r e  53? b as  been com puted u s in g  th e  in te rc h a n g e  
e n e rg ie s  d e r iv e d  in  p a r t  (B ). C urves 2, 3 and 4- have been  com puted u s in g  
In d e n ’s  p r e f e r r e d  v a lu e s  o f  and Wv f o r  CusAl, h i s  p u b l i s h e d  v a lu e s
( 2 f l )  '
f o r  Vhj and in  Cu:Zn and th r e e  d i f f e r e n t  s e t s  01 in te rc h a n g e  e n e rg ie s
^  (k ) w (k) Curve
No.
Cu:A l 2110 1189 **
A l:Z n -250 0 1
*
Cu:Zn 955 535 *
Cu:A l 1820 1137 «•
A l:Z n -250 0 2
*
Cu:Zn 955 535 *
Cu:Al 1820 1137 *#
A l:Z n -410 235 3
CurZn . 955 ■ 535 *
Cu:Al 1820 1137 **
A l:Z n -610 b?o b*
Cu:Zn 955 535
*
T ab le  ^ . The in te rc h a n g e  e n e rg ie s  u se d  to  compute F ig u re  53
Linear M ode l
0 - 1  
A -  2
0 - 3  
□ - 4800
Q .
§ 6 0 0
5 1 0 . 15 20
F ig u re  53« C a lc u la te d  m odels f o r  th e  B2-D0^ o rd e r in g  te m p e ra tu re  a c ro s s  
th e  s e c t io n  o f  th e  te r n a r y  Cu-Zn-Al p h ase  d iagram  d e f in e d  by E q u a tio n  18. 
The sym bols p r e s e n te d  in  t h i s  d iagram  c o rre sp o n d  to  th e  r e s u l t s  o b ta in e d  
u s in g  th e  s e t s  o f  and v a lu e s  g iv e n  in  T a b le 'l l  . A lso  in c lu d e d  a re  
th e  r e s u l t s  o o ta in e d  from  th e  l i n e a r  e x t r a p o la t io n  m odel, o u t l in e d  i n  
S e c t io n  6 . J . 1 ,
f o r  A l:Z n .
t
An a t t e n p t  by In d en  to  u se  n e g a t iv e  v a lu e s  o f  (A l:Z n ) r e s u l t e d  
i n  th e  p r e d ic t io n  t h a t  a  d is c o n tin u o u s  A2-D0^  t r a n s fo rm a tio n  i s  p r e s e n t
(lZf3)
i n  th e  ran g e  o f  a l lo y s  u n d er c o n s id e ra t io n ,  . T h is  how ever i s  n o t  
s u p p o r te d  by ex p erim en ta l o b s e rv a t io n s ,  w hich , in  g e n e ra l ,  s u g g e s t  a  
c o n tin u o u s  B2-D0^ ty p e  o f  tr a n s fo rm a tio n .  C urves 2, 3 and  k have been 
com puted u s in g  in c r e a s in g ly  p o s i t i v e  v a lu e s  f o r  W^, (Al:Zn)„ and  i t  i s  
s i g n i f i c a n t  t h a t  a l l  th e s e  cu rv es  a re  i n  q u a l i t a t i v e  ag reem en t w ith  th e  
e x p e r im e n ta l r e s u l t s  i l l u s t r a t e d  i n  F ig u re s  k j  and 32. O v e ra l l ,  th e  
r e s u l t s  o f  I n d e n t  minimum f re e  en e rg y  s e a rc h  f o r  o rd e re d  s t r u c t u r e s  
i n  th e  Cu-Zn-Al system  do n o t  change th e  n a tu re  o r  th e  c o r r e l a t i o n s  
p ro p o se d  i n  th e  p re c e d in g  s e c t io n s .
6 . k  C o r r e la t io n s  betw een o rd e r in g  m odels and ag e in g  phenomena
T here rem a in s  to  be d is c u s s e d  th e  m ost s i g n i f i c a n t  p a r t  o f  t h i s  
w ork; i n  w hich th e  c o r r e l a t i o n  betw een h e a t  t r e a tm e n t r e l a t e d  m a r t e n s i t i c  
t r a n s fo rm a tio n  te m p e ra tu re  s h i f t s  and th e  p ro p o se d  b e ta  p h ase  o r d e r in g  
r e a c t i o n s  i s  e s ta b l i s h e d .  The p r e s e n t  b e ta  p h ase  ag e in g  r e s u l t s  w i l l  be 
d is c u s s e d  i n  te rm s o f  a  seco n d ary  o rd e r in g  r e a c t io n  o f  th e  ty p e  B2-D0^.
The p ro p o se d  f r e e  en e rg y  r e l a t i o n s h i p s ,  be tw een th e  com peting  p h a s e s  a re  
d em o n stra ted  i n  F ig u re  A lthough th e  l i n e a r  model d e p ic te d  i n  t h i s
diagram  becomes in c r e a s in g ly  u n te n a b le  a t  h ig h  te m p e ra tu re s ,  u h is  s im p le  
l i n e a r  model s e rv e s  to  i l l u s t r a t e  t h a t  in  th e  a l lo y s  u n d er c o n s id e r a t io n  
an  in c re a s e  in  th e  d e g re e -o f  p a r e n t  p h ase  o rd e r  can e le v a te  th e  m a r t e n s i t i c  
tr a n s fo rm a tio n  te m p e ra tu re s .  T h is  d i f f e r s  from  many o f  th e  p r e v io u s  
a n a ly s e s ,  i n  w hich i t  h a s  been assum ed t h a t  an  in c re a s e  i n  p a r e n t  p h ase  
o rd e r  w i l l  alw ays in c re a s e  i t s  s t a b i l i t y  w ith  r e s p e c t  to  th e  m a r te n s i te  
p h a se , and th e r e f o r e  d e p re s s  th e  m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu r e s .
To e s t a b l i s h  v a lu e s  f o r  th e  therm odynam ic q u a n t i t i e s  d e p ic te d  
i n  F ig u re  5^? i t  i s  n e c e s s a ry  to  c o n s id e r  th e  therm odynam ics o f  b o th  th e
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q rd e r in g  and  m a r t e n s i t i c  t r a n s fo rm a t io n s .  I n  t h i s  s e c t io n  m ethods by
i
w hich  o rd e r in g  r e a c t io n s  can in f lu e n c e  th e  m a r t e n s i t i c  t r a n s fo rm a t io n
j
w i l l  be c o n s id e re d  and th e n  an  a t te m p t w i l l  be made to  g e n e ra te  th e  
r e l e v a n t  therm odynam ic q u a n t i t i e s  from  b o th  th e  p r e s e n t  r e s u l t s  and  th e  
a v a i l a b l e  p u b l i s h e d  d a ta .
6 .4 .1  The seco n d ary  o rd e r in g  t r a n s fo rm a tio n
Now t h a t  th e  l ik e ly h o o d  o f  a  B2-D0^ tr a n s fo rm a tio n  b e in g  p r e s e n t
i n  Cu-Zn-Al a l lo y s  h a s  been e s ta b l i s h e d ,  th e  e x p e rim e n ta l e v id en ce  w i l l  
be exam ined w hich su p p o r ts  th e  p ro p o s a l ' t h a t  t h i s  o rd e r in g  r e a c t i o n  i s  
th e  mechanism r e s p o n s ib le  f o r  some o f  th e  h e a t  tr e a tm e n t in d u c ed  changes 
i n  i h e  m a r t e n s i t i c  tr a n s fo rm a tio n  b e h a v io u r .
F ig u re s  23 and 32 i l l u s t r a t e  t h a t  th e  deg ree  o f  M* d e p re s s io nm
w hich r e s u l t s  from in te rm e d ia te  h e a t  tr e a tm e n ts  i n  th e  ran g e  373K-473K 
(100°C-200°C) in c r e a s e s  r a p id ly  w ith  in c r e a s in g  alum inium  c o n te n t .  From 
th e s e  r e s u l t s  i t  i s  a ls o  a p p a re n t t h a t  th e  maximum h e a t  t r e a tm e n t  te m p e ra tu re  
above w hich f u r th e r  m a r te n s i te  tr a n s fo rm a tio n  s h i f t s  do n o t  o c c u r a l s o  
in c r e a s e s  a s  a f u n c t io n  o i alum inium  c o n te n t .  M oreover, i n  F ig u re  30 a  
c o r r e l a t i o n  i s  a p p a re n t betw een th e  deg ree  o f  p o s t  quench M* d e p re s s io n  
an d  th e  amount o f  h ea t- ev o lv ed  from  th e  p a r e n t  b e ta  p hase  on h e a t in g .
. I f  we a c c e p t t h a t  th e  phenomena o u t l in e d  above r e s u l t  from  a  s e c o n d a ry  
o rd e r in g  r e a c t io n  o f  th e  ty p e  d e s c r ib e d  in  S e c t io n  6 .3? i t  i s  p o s s i b le  to  
e x p la in  th e  c o m p o s itio n a l dependence o f  th e  h e a t  tr e a tm e n t te m p e ra tu re s  
w hich p roduce  m a r te n s i t i c  tr a n s fo rm a tio n  te m p e ra tu re  s h i f t s  a s  i l l u s t r a t e d  
i n  F ig u re  32 . T hat i s  to  say? in  a l lo y s  w ith  low alum inium  c o n te n ts ,  th e  
r e l e v a n t  B2-D0^ o rd e r in g  te m p e ra tu re s  a re  so  c lo s e  to  room te m p e ra tu re  t h a t  
o n ly  a  s m a ll amount o f  th e  DO  ^ p h ase  i s  a b le  to  form , e i t h e r  f o r  k i n e t i c  
re a s o n s  o r  because  o n ly  a  sm a ll amount o f  th e  DO  ^ p hase  i s  i n  e q u i l ib r iu m  
w ith  th e  B2 p hase  a t  t h a t  te m p e ra tu re . M oreover, a s  th e  alum inium  c o n te n t  
in c r e a s e s  on t r a v e r s in g  th e  c o n s ta n t M s e c t io n  o f  th e  te r n a r y  p h a se  
d iag ram , an in c r e a s in g  amount o f  th e  DO  ^ p h ase  i s  a b le  to  fo rm , w hich  i n
t u r n ,  p r o d u c e s  g r e a t e r  m a r t e n s i t i c  t r a n s f o r m a t io n  t e m p e r a tu r e  s h i f t s .
. These p ro p o s a ls  a g ree  w ith  I n d e n 's  o rd e r in g  model f o r  b in a ry  Cu-Zn,
(41 )
i n  w hich a  t r a n s fo rm a tio n  o f  th e  ty p e  B2-D0^  i s  p r e d ic t e d  . The la c k  
o f  e x p e r im e n ta l ev id en ce  s u p p o r tin g  In d e n fs  b in a ry  o rd e r in g  model may be 
e x p la in e d  by th e  absence  o f  s u f f i c i e n t  th e rm a l a c t i v a t io n  a t  th e  B2-D0^ 
c r i t i c a l  o rd e r in g  te m p e ra tu re  p r e d ic te d  i n  F ig u re s  52 and  53* F u rth e rm o re , 
i f  lo n g  te rm  su b -z e ro  ( <  273*0 a g e in g  tr e a tm e n ts  were a t te m p te d , to  
e s t a b l i s h  th e  p re se n c e  o f  such  an  o rd e r in g  r e a c t io n  in  b in a ry  b e ta  b r a s s ,  
i t  i s  l i k e l y  t h a t  any r e s u l t s  w ould be co m p lic a te d  by th e  p re s e n c e  o f  th e  
m a r t e n s i t i c  t r a n s fo rm a tio n .
I t  c o u ld  a l s o  be a rg u ed  t h a t  th e  seco n d a ry  o rd e r in g  r e a c t i o n  r e s u l t s  
e n t i r e l y  from th e  p re s e n c e  o f  alum inium  atom s, and  t h a t  th e  z in c  atom s
p la y  no p a r t  w h a tso ev er i n  th e  seco n d ary  o rd e r in g  r e a c t io n .  However, th e r e
*
e x i s t s  n e i th e r  e x p e r im e n ta l ev id en ce  n o r any a v a i la b le  model to  s u p p o r t  
t h i s  a l t e r n a t i v e  h y p o th e s is .  v
A nother way i n  w hich th e  p r e s e n t  r e s u l t s  co u ld  be i n t e r p r e t e d  i s  
th e  s e g re g a t io n  o f  th e  b e ta  p nase  i n to  a  m ix tu re  o f  d i f f e r e n t  o rd e re d  
s t r u c t u r e s .  T h is  s o r t  o f  s e g re g a t io n  h as  been r e p o r te d  i n  Cu-Al and  some 
Cu-Zn-Al (Z n < 9 ( a t ) ^ )  b e ta  p h ase  a l lo y s ,^ ? -^ . The k i n e t i c s  o f  th e s e  
s e g re g a t io n  r e a c t io n s  a re  such  t h a t  is o th e rm a l h o ld s  a t  te m p e ra tu re s  i n  
th e  r e g io n  o f  600K (327°C) a re  n e c e s s a ry  f o r  them to  become a p p a re n t .
S ince  th e  a g e in g  e f f e c t s  u nder c o n s id e ra t io n  seem r e l a t e d  to  a  r e v e r s i b l e  
s t r u c t u r a l  change w ith in  th e  b e ta  p h ase  a t  te m p e ra tu re s  a s  low a s  373K 
(100°C ), i t  i s  u n l ik e ly  t h a t  th e  p r e s e n t  r e s u l t s  can be e x p la in e d  by 
s e g re g a t io n  r e a c t io n s  r e q u i r in g  lo n g  ran g e  d i f f u s io n .
The c o n te n tio n  t h a t  th e  m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re  
d e p re s s io n s  r e p o r te d  in  C hap ter 5 sere d i r e c t l y  r e l a t e d  to  changes i n  th e  
degree  and n a tu re  o f  th e  lo n g  ran g e  o rd e r  p r e s e n t  in  th e  b e ta  p h a se  i s  
f u r th e r  s u p p o r te d  by s t r u c t u r a l  s tu d ie s  o f  th e  m a r te n s i te  p h a se . A lthough
t h e  i n f l u e n c e  o f  s e c o n d a r y  o r d e r in g  r e a c t i o n s  i n  t h e  p a r e n t  p h a s e  o n
m a r te n s i te  t e t r a g o n a l i t y  h as  n o t  been  s tu d ie d  i n  te r n a r y  b r a s s  ty p e  a l l o y s ,
(91 )• c o r re la t io n s  have been developed  f o r  th e  ca se  o f  p r im a ry  B2 ty p e  o rd e r  
' To e s t a b l i s h  w hether th e  p ro p o se d  low  te m p e ra tu re  o rd e r in g  r e a c t i o n  
p ro d u c e s  any change i n  th e  t e t r a g o n a l i t y  o f  r e s u l t i n g  m a r te n s i te  two 
spec im ens o f  A llo y  5 w ere p re p a re d  f o r  X -ray  d i f f r a c to m e t r y .  The f i r s t  
specim en d is p la y e d  th e  te rm in a l  maximum m a r t e n s i t i c  t r a n s fo rm a t io n  tem p­
e r a t u r e s  cn a r a c t  e r i s t i c  of t h i s  a l l o y ,  w h i l s t  tn e  seco n d  specim en  was 
g iv e n  a  h e a t  t r e a tm e n t  o f  th e  ty p e  d e s c r ib e d  i n  5 - 2 .2  and  w hich p ro d u c e d  a  
d e p re s s io n  in  th e  m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re s  o f  15K- The 
r e s u l t s  o f  t h i s  worJfc a re  i l l u s t r a t e d  i n  F ig u re  k^ > w hich d e m o n s tra te s  t h a t  
a  15K d e p re s s io n  o f  th e  m a r t e n s i t i c  t r a n s io rm a t io n  te m p e ra tu re s  i s
accom panied by a  d e c re a se  i n  m a r te n s i te  t e t r a g o n a l i t y  o f  ab o u t 10%. T h is
(91)was e s ta b l i s h e d  u s in g  th e  m ethods o f  D elaey  i n  w hich th e  s e p a r a t io n s  
o f  th e  (T 12) and ( 202) l a t t i c e  r e f l e c t i o n s  a re  u sed  a s  a  m easure o f  m a rten ­
s i t e  t e t r a g o n a l i t y .  -
These r e s u l t s ,  a lth o u g h  b a se d  on th e  unproven  assu m p tio n  t h a t  th e  
th e  p re s e n c e  o f  th e  D0^  p h ase  in c r e a s e s  th e  t e t r a g o n a l i t y  ox th e  m a r t e n s i te ,  
do p ro v id e  u s e f u l  i n d i r e c t  ev id en ce  t h a t  such  a  r e l a t i o n  may e x i s t .
6 .^ .2  The s to ra g e  o f  e l a s t i c  s t r a i n  en erg y  i n  th e  m a r te n s i te  p h ase
To c o r r e l a t e  changes i n  th e  m a r t e n s i t i c  t r a n s io rm a t io n  b e h a v io u r  
to  v a r i a t io n s  i n  th e  p a r e n t  p h ase  s t r u c t u r e ,  th e  n a tu re  o f  th e  th e rm - 
e l a s t i c  m a r t e n s i t i c  t r a n s fo rm a t io n  w i l l  be exam ined in  more d e t a i l .
E s s e n t i a l  to  th e  concep t o f  th e r m o e la s t i c i ty  i s  th e  a b i l i t y  o f
o f  th e  m a r te n s i te  p hase  to  s to r e  e l a s t i c  s t r a i n  e n e rg y . I f  we u se  Wayman's' 
(117 118)d e f in i t i o n  o f  Tq ’ and  assume t h a t  th e  s t r a i n  en e rg y  a s s o c ia t e d
w ith  n u c le a t io n  i s  e i t h e r  e q u a l to  ze ro  o r  in c lu d e d  in  th e  f r e e  e n e r g ie s  
-of th e  two p h a s e s , th e  o n ly  s t r a i n  en e rg y  p r e s e n t  i n  th e  m a r te n s i te  
s t r u c t u r e  i s  t h a t  w hich i s  ,s to r e d  p e tw een  t h e ■ M and te m p e ra tu re s .
A f te r  u n d e rc o o lin g  below  by an  amount A T , an in c rem en t o f  m a r te n s i te  
. I • ' '
AV fo rm s. . T h is  m a r te n s i te  c o n ta in s  some e l a s t i c  s t r a i n  en e rg y  w hich
j  /  , .
o f f s e t s  to  some e x te n t  th e  chem ical d r iv in g  fo r c e s  f o r  t r a n s fo rm a t io n .
On f u r t h e r  c o o lin g , more m a r te n s i te  form s and  t h i s  c o n ta in s  in c r e a s in g ly  
more e l a s t i c  s t r a i n  en e rg y , u n t i l  a t  M^, a  t o t a l  amount o f  s t r a i n  e n e rg y  
w^ i s  accu m u la ted . I n  th e  fo llo w in g  a n a ly s i s  an app rox im ate  v a lu e  f o r  
t h i s  s to r e d  s t r a i n  en erg y  w i l l  be d e te rm in ed  from  c o n s id e ra t io n  o f  b o th  
th e  form  o f  th e  p e rc e n ta g e  tra n s fo rm a tio n  v e rs u s  te m p e ra tu re  d iagram  and  
th e  te m p e ra tu re  dependence o f  th e  chem ica l d r iv in g  fo rc e  f o r  t r a n s f o r m a t io n .
The G ibbs f r e e  en e rg y  d if f e r e n c e  betw een th e  b e ta  and m a r te n s i te  
p h a s e s  a t  any p a r t i c u l a r  te m p e ra tu re  may be d e f in e d  a s  fo l lo w s : -
AHp-Mn -  TAS-P"*“m   E q u a tio n  26 .
I
-1The G ibbs f r e e  en erg y  betw een th e  two p h a s e s ,  Jm ol
-1The e n th a lp y  d i f f e r e n c e  betw een th e  two p h a s e s ,  Jm ol
-1  -1The e n tro p y  d if f e r e n c e  betw een th e  two p h a s e s ,  Jm ol K . 
T em pera tu re , K. .
A t th e  T^ te m p e ra tu re  f o r  th e  m a r t e n s i t i c  tr a n s fo rm a tio n ,  th e  
p ro d u c t TAS^"*”m i s  e q u a l to  th e  e n th a lp y  d i f f e r e n c e  betw een  th e  two p h a s e s  
A H w h i l s t  on u n d e rc o o lin g  below  Tq by an  in c re m en t o f  te m p e ra tu re  A T , 
th e  chem ical d r iv in g  fo rc e  f o r  tr a n s fo rm a tio n  in c r e a s e s  by an  amount T A S "^*"1
a t  T : -  A G ^ ra = 0o
th e re f o r e  from E q u a tio n  26 . . '
A H ^"^m = T^AS-P*"^ 111............ .. E q u a tio n  27.
AGP - m  =
w h e re :-  AGp~*~m = 
A H ^ m  =
ASP ^ m = 
T
I f  we r e t u r n  to  C hap ter i l l u s t r a t e d  i n  F ig u re  'Ik i s  th e  ex p eri­
m e n ta lly  d e te rm in e d  p e rc e n ta g e  t r a n s io rm a tio n  v e rs u s  te m p e ra tu re  c u rv e .
and  i t s  f i r s t  d i f f e r e n t i a l ,  f o r  th e  m a r t e n s i t i c  t r a n s fo rm a t io n  i n  b e ta  
b r a s s  . S in ce  th e  chem ical d r iv in g  fo rc e  f o r  t r a n s fo rm a tio n  i s  
p r o p o r t io n a l  to  th e  amount o f  u n d e rc o o lin g  below  M , and  th e  p e rc e n ta g e  
tra n s fo rm a tio n  cu rve i s  s y m e tr ic a l  ab o u t a  te n p e r a tu r e  d e f in e d  by + M „),
S  I
t h e  s t r a i n  en erg y  c o n te n t o f  th e  m a r te n s i te  (w1) i s  to  a  f i r s t  approxim ­
a t i o n  a s  f o l lo w s : -
w1 = J(MS — M») AEP~*~m    E q u a tio n  28 .
T h is  i s  a  v e ry  s im p l i f ie d  m odel, however i n  th e  ab sen ce  o f  a  more 
r ig o r o u s  ap p ro ach , t h i s  m odel does d e f in e  a  maximum l i v e l y  s t r a i n  en e rg y  
c o n te n t  o f  th e  m a r te n s i te  p h a se . .
6 .*f.3  H ea ts  o f  t r a n s fo rm a tio n
(OQ) \
O lson and Cohen " have p o in te d  o u t t h a t  th e  m easured  v a lu e s  o f  
th e  tra n s fo rm a tio n  h e a ts  f o r  b o th  th e  fo rw ard  and  r e v e r s e  m a r t e n s i t i c  
t r a n s fo rm a tio n  ( AHp ”*"m(ex p ) and  AHm~*’p (ex p ) r e s p e c t iv e ly )  in c lu d e ,  b o th  
th e  chem ical e n th a lp y  d i f f e r e n c e  betw een th e  two p h a se s  ( AH^)-*"m(chem )) 
and  th e  n o n -ch em ica l e n e rg ie s  a s s o c ia te d  w ith  th e  t r a n s fo rm a t io n .  These 
n o n -ch em ica l c o n t r ib u t io n s  in c lu d e  b o th  th e  r e v e r s ib l e  e l a s t i c  s t r a i n  
en e rg y  ( w q )  and th e  i r r e c o v e r a b le  en erg y  d i s s ip a t e d  d u r in g  th e  t r a n s fo rm ­
a t io n  ( AH^>"*"m( f r i c t ) ) ,  -which i s  e q u iv a le n t  to  th e  £ e^dV te rm  d e f in e d  i n  
E q u a tio n  21. D u rin g  th e  co u rse  o f  th e  tr a n s fo rm a tio n  th e  o b se rv e d  h e a t  
e v o lu t io n  o r  a b s o rp t io n  may be d e s c r ib e d  in  th e  fo llo w in g  m anner: -
Forw ard tr a n s fo rm a tio n  ( c o o l in g ) :
AHp "’*"ra(exp ) = AHP_*"ID(chem) -  w q  -  AHp_*"m( f r i c t )  . . . E q u a tio n  29.
(h e a t  ev o lv ed ) = ( t o t a l  r e d u c t io n  i n  en erg y  o i th e  sy stem )
R e v e r s e  t r a n s f o r m a t io n  ( h e a t i n g ) :
AHm P (ex p ) = - AHm~*'p (chera) + WQ “  AHm~*"^ )( f r i c t )  . . . E q u a tio n  30*
^(heat ab so rb ed ) = ( t o t a l  in c re a s e  i n  e n e rg y  o f  th e  sy stem )
F o r  p e r f e c t  th e r m o e la s t ic i ty ,  AHp ~*‘’m( f r i c t )  and  AHm-*~p ( f r i c t )  w i l l  
b o th  be e q u a l to  z e ro , i n  w hich case  AHp ~**m(exp ) = -  AHm~*“p (e x p ) .  However 
from  th e  r e s u l t s  p r e s e n te d  i n  T ab le  7 i t  i s  a p p a re n t t h a t  AHp ~*"m(ex p ) i s  
s m a l le r  th a n  - AHm~*~p ( ex p ) .  T h is  d i f f e r e n c e  can  o n ly  be a t t r i b u t e d  to  th e  
AHp ”*"in( f r i c t )  and  AHra~*"p ( f r i c t )  te rm s , s in c e  th e  o th e r  te rm s  i n  E q u a tio n s  
29  and  30 a r e  Dy u e i i n i t i o n  f u l l y  r e v e r s ib l e  d u r in g  a  t r a n s io rm a t io n  c y c le .
I f  we continue with the assumption made in Section 6 .2 .1 ,  that this 
irreversible energy is equal for both the forward and reverse transiorm- 
ations, the following definition of this frictional term (AHQ(frict) 
presents itself:-
AHo ( f r i c t )  = -J( AHP ra(exp ) + AHm~^p (e 2cp)) . . . . .  E q u a tio n  31-
T h e re fo re  i t  i s  now p o s s ib le  to  d e f in e  a  t r a n s fo rm a t io n  e n th a lp y  
te rm  ( A H ^ e x p ) ) ,  w hich in c lu d e s  o n ly  th e  r e v e r s ib l e  ch em ica l and  n o n - 
chem ica l te rm s : -
AHo (exp ) = -J(AH-P~^m(exp ) -  AHm“fc'-P(exp)) . . .
th e r e f o r e  from E q u a tio n s  29 and 3 0 : -
AH (exp ) = AH (chem) -  w  ..................... ..................o * o o
w here A H ^chem ) r e p r e s e n t s  ^the p u re ly  ch em ica l e n th a lp y .
E q u a tio n  32.
E q u a tio n  33.
G.b.b T he s e p a r a t i o n  o f  c h e m ic a l  a n d  n o n - c h e m ic a l  e n t h a l p y  te r m s
I n  t h i s  s e c t io n  an  a t te m p t w i l l  be made to  s e p a r a te  th e  ch em ica l 
(A H Q(e x p ))  an a  e l a s t i c  ( w q )  en erg y  te rm s i n  E q u a tio n  33* U sing  th e  
a ssu m p tio n s  made i n  th e  p re v io u s  s e c t io n s  and by m a n ip u la t in g  th e  
e q u a t io n s  d e r iv e d  from  them we a re  a b le  to  d e te rm in e  ap p ro x im ate  v a lu e s  
f o r  th e s e  te rm s i n  th e  fo llo w in g  m anner: -
From E q u a tio n  27 we h av e :
A£p~*~m = AHQ(chem )/T o .............................   E q u a tio n  3b ,
w h i l s t  from  E q u a tio n  33* •
wq = AH^Cchem) -  AH^Cexp) . .  E q u a tio n  35 .
I f  we l e t  = *" ^ f^  ......................  E q u a tio n  36 .
th e n  from E q u a tio n  28 we h ave:
wf A T ^A Sp ~*"m   .......... .  . E q u a t io n -37.
By g iv in g  w! th e  v a lu e  o f  wq and  by  s u b s t i t u t i n g  ASp ~*"m from  E q u a tio n  
3b  we o b ta in :
wq = AT^AHo (chem )/T o  . .  E q u a tio n  3 8 .
We now have two f i r s t  o rd e r  s im u lta n e o u s  e q u a t io n s  (E q u a t io n s  35
and 38 ) w hich y i e l d  n u m e ric a l v a lu e s  o f  w and  A H (chem ) from  t h e . e x p e ro o
i r a e n ta l ly  d e te rm in ed  d a ta 5 AT , a11^ - AHQ(e x p ) .  By s u b s t i t u t i n g  th e
d e r iv e d  v a lu e  o f  AH^Cchem) in to  E q u a tio n  37 i t  i s  a l s o  p o s s i b l e  to  
o b ta in  a  v a lu e  o f  ASp -*"m. On ex p and ing  th e s e  r e l a t i o n s h i p s  we o b t a i n : -
AHQ(chem) = AHQ(exp) + A T ^A H ^expV C T ^ -_AT ) . . . .  E q u a tio n  39»
w = AT, AH (e x p ) /(T  -A T , ) ............................ . E q u a tio n  kO.o h  o * o h  ------------------
_ AH (ch em )/(T  -A T ^ )  ....................................... . .  E q u a tio n  V?.
6 . k .5  The d e te rm in a tio n  o f  therm odynam ic d a ta  from e x p e r im e n ta l r e s u l t s
I n  t h i s  s e c t io n  th e  therm odynam ic q u a n t i t i e s  a s s o c ia t e d  w ith  th e  
th e rm o e la s t ic  m a r t e n s i t i c  t r a n s fo rm a tio n  in  A llo y  5 w i l l  be  d e te rm in e d  
u s in g  th e  fo rm u la tio n s  p r e s e n te d  in  th e  p re v io u s  s e c t i o n  and  th e  e x p e r i ­
m e n ta l r e s u l t s  g iv e n  in  ; T able 7.
The d e f in i t i o n s  o f  th e  c h a r a c t e r i s t i c  m a r t e n s i t i c  t r a n s f o r m a t io n  
te m p e ra tu re s  p r e s e n te d  i n  T ab le  7 may be found  in  S e c t io n  4 .5* *1* These
te m p e ra tu re s  have been  ta k e n  d i r e c t l y  from  th e  th e rm a l a n a ly s i s  t r a c e s .- - ,
1 ■ ■ • ■, ■
V /h ils t . th e  M* and A* te m p e ra tu re s -a re  e q u iv a le n t  to  th e  t r u e  m a r te n s i te  s  s  •••
s t a r t  and  r e v e r s io n  s t a r t  te m p e ra tu re s  r e s p e c t iv e l y ,  th e  o th e r  c h a r a c te r ­
i s t i c  te m p e ra tu re s , M| , M * , Aj a n d ■ A* a re  p a r t l y  a  f u n c t io n  o f  th e  
e x p e r im e n ta l m ethod u se d  and a r e  n o t t r u l y  c h a r a c t e r i s t i c  o f  th e  m a r t e n s i t i c  
tr a n s fo rm a tio n  te m p e ra tu re s .
A sim p le  d ev ice  may be u sed  to  g e t  o v e r th e  ab sen ce  o f  e x p e r im e n ta l ly  
d e te rm in e d  v a lu e s  f o r  and A*. The assu m p tio n  i s  r e q u i r e d  i s  t h a t  th e  
t r a n s fo rm a tio n  h y s t e r e s i s  ( 2 A T^) rem a in s  c o n s ta n t  o v e r  th e  e n t i r e  t r a n s ­
fo rm a tio n  ra n g e . T h is  is ,  s e e n  to  be. th e  case  f o r  b in a ry  b e t a  b r a s s  i n  
F ig u re  w hich i l l u s t r a t e s  b o th  th e  fo rw ard , and  r e v e r s e  t r a n s f o r m a t io n s ,  . 
and  i t  w i l l  be assum ed t h a t  te r n a r y  Cu-Zn-Al b e ta  p h ase  a l l o y s  behave i n  
a  s im i la r  f a s h io n .  From th e  above assu m p tio n  th e  fo llo w in g  r e l a t i o n s h i p s  
can  be o b ta in e d :
2 A T  = A„ -  M* h  f  s E q u a tio n  4-2.
= M* + ^ A T ^   ................................. E q u a t io n  k3»
= A* -  ..........................................  E q u a tio n  kk.
The manner in  w hich th e  Tq te m p e ra tu re  f o r  th e  m a r t e n s i t i c  t r a n s ­
fo rm a tio n  may be d e te rm in e d  h a s  been d is c u s s e d  i n  S e c t io n  6 .2 .1 .  F or
(117 118 )o u r p r e s e n t  p u rp o se s  we s h a l l  u se  dayman’s  d e f i n i t i o n  : -
Tq = "2 ^ 2  + .............................................E q u a tio n  A5 .
I f  we s u b s t i t u t e  th e  Af  te m p e ra tu re  o b ta in e d  from  E q u a tio n  in to
E q u a tio n  and  c o n tin u e  w ith  th e  a ssu m p tio n s  t h a t  M = M* and  A = A*,
S S 1 s s
we o b ta in  th e  fo l lo w in g  d e f i n i t i o n  o f  Tq f o r  th e  th e rm o e la s t ic  m a r t e n s i t i c  
t r a n s fo rm a tio n  i n  Cu-Zn-Al o e ta  p h a se s
Tq '=  ' M* + A T ^ ................................................. . E q u a tio n  A6.
I n  T ab le  12 th e  v a lu e s  o f  T , AH (chem ), w and  ASp_*~m w hich0 0 0
have been d e r iv e d  from  E q u a tio n s  ^5? 39 , kO and A1 r e s p e c t iv e l y ,  u s in g
th e  mean v a lu e s  o f  M*, A*, AT , AHp “*"m(exp ) and  AHm_*"p (e x p ) ,  a res  s  n
p re s e n te d .  T h is  d a ta  h as  been  c a l c u la te d  from  th e  e x p e r im e n ta l o b se rv ­
a t io n s  p r e s e n te d  i n  T ab le  7 j f o r  th e  m a r t e n s i t i c  t r a n s fo rm a t io n  in  A llo y  5»
The thermodynamic d a ta  p r e s e n te d  i n  T ab le  12 i s  b a se d  on num erous 
a ssu m p tio n s co n c e rn in g  th e  b e h a v io u r o f  th e  m a r t e n s i t i c  t r a n s f o r m a t io n .  
B ecause o f  t h i s  i t  i s  n e c e s s a ry  to  i n v e s t ig a t e  how d e f i c i e n c i e s  i n  each  
o f  th e s e  assu m p tio n s  can in t ro d u c e  e r r o r s  in to  th e  e v e n tu a l  therm odynam ic 
q u a n t i t i e s .  As w e ll  a s  th e  e r r o r s  in t ro d u c e d  by th e  p r e s e n t  o p e r a t io n a l  
a ssu m p tio n s , e x p e r im e n ta l e r r o r s  a re  a ls o  p r e s e n t ,  how ever i t  h a s  been  
found  th a t  th e s e  e r r o r s  a re  i n s i g n i f i c a n t  when com pared w ith  th o s e  r e s u l t i n g  
from th e  p r e s e n t  a ssu m p tio n s .
The f i r s t  o p e r a t io n a l  assu m p tio n  i s  t h a t  M* = M . T h is  in t r o d u c e ss  s
an e j r o r  w hich i s  v e ry  d i f f i c u l t  to  d e f in e .  M ost p re v io u s  w o rk e rs  have
M* (e x p e r im e n ta l v a lu e ) 3 1 3 .3  + 1 . 3K
A* (e x p e r im e n ta l v a lu e ) 303K
AT^ (e x p e r im e n ta l v a lu e ) 2 .3  + 1 .OK
AHp ~"**m(ex p ) (e x p e r im e n ta l v a lu e ) 3 1 ^ .3  + 23Jm ol”1
A n m“^ P (ex p ) (e x p e r im e n ta l v a lu e )
%
33 8 .0  + 27Jm ol”1
Tq (v a lu e  c a l c u la te d  u s in g  E q u a tio n  h6 ) 3 1 6 .3 +  3 . 5K
wq (v a lu e  c a lc u la te d  u s in g  E q u a tio n  kO) —1k.O  +_ 3 . 0 Jmol
AHo (chem) ( c a l c u la t e d  u s in g  E q u a tio n  39) 3 3 0 .3  + 30Jm ol”1
AsP-*"m ( c a l c u la t e d  from  E q u a tio n  A l) 1 .69  + 0 . 13Jm ol” 1K”1
T ab le  1 2 . Thermodynamic d a ta  f o r  th e  m a r t e n s i t i c  t r a n s fo rm a t io n  i n  A llo y  3* 
The p lu s  o r  minus (+) v a lu e s  shown i n  t h i s  t a b le  a re  d e r iv e d  from  th e  
s p re a d  o f  e x p e r im e n ta l r e s u l t s  and a re  n o t in te n d e d  to  i l l u s t r a t e  s t a t i s t ­
i c a l  s ig n i f i c a n c e .
u sed  an  M • te m p e ra tu re  w hich i s  d e f in e d  a s  th e  f i r s t  d e v ia t io n  from  th e  
e x p e c te d  p a r e n t  p hase  b e h a v io u r , e i t h e r  from r e s i s t i v i t y ,  c a lo r im e t r ic
i
o r  m e ta llo g ra p h ic  in fo rm a tio n . However work by S ch ro ed er e t  a l  h a s  
d em o n stra ted  th a t ,  in  th e  case  o f  th e  m a r t e n s i t i c  t r a n s fo rm a t io n  in  b e ta  
b r a s s ,  th e  f i r s t  m a r te n s i te  to  form  i s  o f te n  u n r e p r e s e n ta t iv e  o f  th e  
t r u l y  th e rm o e la s t ic  t r a n s fo rm a tio n  p ro d u c t and i s  form ed b ecau se  o f  
f a c t o r s  such  a s  p o o r s u r f a c e  p r e p a r a t io n ,  quench ing  s t r a i n s  and  p r i o r
(114)h e a t  t r e a tm e n t . I n  th e  ab sen ce  o f  a  more r ig o ro u s  d e f i n i t i o n  f o r
M we m ust c o n te n t o u r s e lv e s  w ith  th e  a ssu m p tio n  t h a t  M = M*. A s im i la r  s  * s  s
a ssu m p tio n  i s  made c o n ce rn in g  th e  m a r te n s i te  r e v e r s io n  s t a r t  te m p e ra tu re .
A b so lu te  e r r o r s  i n  te m p e ra tu re  m easurem ent and th e  e r r o r p  a s s o c ia te d  
w ith  th e  p r e s e n t  assu m p tio n s  c o n c e rn in g  th e  d e f i n i t i o n  o f  th e  c h a r a c t e r i s t i c  
m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re s  a re  p ro b a b ly  i n s i g n i f i c a n t  when 
com pared w ith  e r r o r s  i n  th e  v a lu e  o f  A T^ w hich can p ro d u ce  la r g e  e r r o r s  
i n  some o f  th e  p a ra m e te rs  p r e s e n te d  i n  T ab le  12« As w e ll  a s  th e  e x p e r i ­
m e n ta l e r r o r s  a s s o c ia te d  w ith  th e  m easurem ent o f  AT, , e r r o r s  a re  a l s oh
in tro d u c e d  by th e  a ssu m p tio n  t h a t  th e  th e rm a l h y s t e r e s i s  o f  th e  m a r t e n s i t i c  
t r a n s fo rm a tio n  i s  c o n s ta n t  a c ro s s  th e  w hole t r a n s fo rm a tio n  ra n g e .  I n  th e  
ab sen ce  o f  more r ig o ro u s  fo rm u la tio n s  o r  more p r e c i s e  r e s u l t s ,  th e  p r e s e n t  
e x p e r im e n ta lly  d e te rm in e d  v a lu e  o f  2A T ^ = 5 .0  w i l l  be u se d . T h is  v a lu e  
i s  i n  g e n e ra l  agreem ent w ith  th e  a v a i la b le  l i t e r a t u r e  co n c e rn in g  th e  
m a r t e n s i t i c 't r a n s f o r m a t io n  i n  te r n a r y  b r a s s e s .
The e x p e r im e n ta l ly  o b se rv ed  v a lu e s  o f  t r a n s fo rm a t io n  e n th a lp y  
a re  s u b je c t  to  e x p e r im e n ta l e r r o r s  and th e s e  have been  d is c u s s e d  i n '
C h ap te r 4 . More im p o r ta n t ,  how ever, a re  t h e . e r r o r s  in h e re n t  i n  th e  
a ssu m p tio n s  u sed  in  d ev e lo p in g  th e  fo rm u la tio n s  p r e s e n te d  i n  th e  e a r l i e r  
p a r t s  o f  t h i s  s e c t io n .  Of p a r t i c u l a r  n o te  a re  th e  e r r o r s  in t ro d u c e d  by 
assum ing th e  te m p e ra tu re  independence o f  th e  e n th a lp y  o f  th e  r e s p e c t iv e  
p h a s e s ,  and th o se  a s s o c ia te d  w ith  ig n o r in g  th e  i n t e r f a c i a l  e n e rg y  betw een  
th e  two com peting s t r u c t u r e s  .
D e sp ite  a l l  th e s e  p o s s ib le  so u rc e s  o f  e r ro r*  th e  v a lu e  o f  wq
( th e  maximum s t r a i n  en erg y  c o n te n t o f  th e  m a r te n s i te )  rem a in s  s m a ll
when compared w ith  th e  v a lu e  o f  A H  (chera) ( th e  d i f f e r e n c e  i n  ch em ica l
e n th a lp y  betw een th e  two p h a s e s ) .  T h e re fo re , a s  lo n g  a s  th e  in h e r e n t
e x p e r im e n ta l e r r o r s  a re  c o n s id e re d , th e  m easured  h e a t s  o f  t r a n s f o r m a t io n
may be d i r e c t l y  r e l a t e d  to  th e  ch em ica l e n th a lp y  changes a s s o c ia t e d  w ith
th e  m a r t e n s i t i c  tr a n s fo rm a tio n .  T h is  c o n c lu s io n  d i f f e r s  from  t h a t  fo u n d  .
(88)by O lson -and  Cohen ; however i n  th e  case  o f  s t r e s s  in d u c e d  th e r m o e la s t ic  
m a r te n s i te  i t  i s  p ro b a b le  t h a t  th e  v a lu e  o f  wq i s  much l a r g e r ,  and  does 
have a  s i g n i f i c a n t  a f f e c t  on th e  m easured v a lu e s  o f  th e  h e a t s  o f  t r a n s ­
fo rm a tio n .
Now t h a t  th e  n a tu re  o f  th e  therm odynam ic r e l a t i o n s h i p s  w h ich  
govern  th e  th e rm o e la s t ic  m a r t e n s i t i c  t r a n s fo rm a tio n  have b een  c o n s id e re d ,  
th e  in f lu e n c e  o f  th e  p ro p o sed  seco n d ary  o rd e r in g  r e a c t i o n  i n  th e  p a r e n t , ,  
b e ta  p hase  on t h i s  m a r t e n s i t i c  tr a n s fo rm a tio n  w i l l  be i n v e s t i g a t e d .
The p ro p o sed  q u a l i t a t i v e  f r e e  en e rg y  r e l a t i o n s h i p s  b e tw een  th e  
B2 and DO  ^ b e ta  p h a se s  and t h e i r  r e s p e c t iv e  m a r te n s i te s  hav e  b e e n  p r e s e n te d
i n  F ig u re  5b. T h is  diagram  com bines known therm odynam ic d a ta  an d  th e  
p r e s e n t  e x p e r im e n ta l r e s u l t s ,  and  i s  c o n s t ru c te d  from  c o n s id e r a t io n s
o f  th e  p ro p o se d  c o r r e l a t i o n s  betw een M s h i f t s  and  o r d e r in g  b e h a v io u r .s
F o r th e  p u rp o se s  o f  t h i s  d iagram  th e  r e l e v a n t  e n th a lp y  te rm s  hav e  b e e n  
assum ed to  be te m p e ra tu re  in d e p e n d e n t. F u rth e rm o re , i n  F ig u re  5b  th e  
f r e e  energ y  o f  th e  B2 p h ase  i s  u se d  a s  th e  g round  s t a t e  f o r  th e  d ia g ra m .
The l i n e  co rre sp o n d in g  to  th e  f r e e  en e rg y  o f  th e  DO p h a s e  i n
v
F ig u re  5b  h a s  been  c o n s tru c te d  u s in g  th e  o b se rv e d  B2-D0^ o r d e r in g  tem p­
e r a tu r e  ( f o r  th e  case  o f  A llo y  f^) and  th e  e n th a lp y  d i f f e r e n c e  b e tw ee n  
th e  two p h a se s  h a s  been  c a lc u la te d  u s in g  E q u a tio n  17- The d o t t e d  l i n e s  
shown in  F ig u re  5b r e p re s e n t ;  th e  f r e e  e n e rg ie s  o f  th e  m a r t e n s i te  p h a s e s
w hich form from  th e  B2 and D0_ o rd e re d  s t r u c t u r e s .  A l l  th e s e  l i n e s  hav e
5
been  c o n s tru c te d  a c c o rd in g  to  th e  p r e s e n t  h y p o th e s is  t h a t  th e  m a r t e n s i t i c  
tr a n s fo rm a tio n  te m p e ra tu re  d e p re s s io n s  o b se rv ed  b o th  im m ed ia te ly  a f t e r  
quench ing  and  a f t e r  h e a t  tr e a tm e n ts  i n  th e  ran g e  373K-^73K ( 100°C -200°C)
r e s u l t  from  th e  p re s e n c e  o r  a  seco n d ary  o rd e r in g  r e a c t io n  o f  th e  ty p e  
B2-DO y  The v a lu e s  f o r  th e  m a r t e n s i t i c  t r a n s fo rm a tio n  e n th a lp y  have 
been  c a lc u la te d  from  th e  e x p e r im e n ta l r e s u l t s  p r e s e n te d  i n  T ab le  7 by  
u s in g  E q u a tio n  39 and th e  two l i n e s  f o r  th e  m a r te n s i te  f r e e  en e rg y  have 
been  c o n s tru c te d  so t h a t  th e y  i n t e r s e c t  t h e i r  c o rre sp o n d in g  p a r e n t  p h a se  
l i n e s  a t  th e  r e l e v a n t  m easured  m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re s  
f o r  th e  case  o f  A llo y
A lthough  E ig u re  3^ i s  o n ly  a  sch em a tic  r e p r e s e n ta t io n  o f  th e  
p ro p o sed  f r e e  en erg y  r e l a t i o n s h i p s ,  i t  does d em o n stra te  t h a t  an  in c r e a s e  
i n  th e  d eg ree  o f  o rd e r  p r e s e n t  i n  th e  p a r e n t  b e ta  p h ase  ( i e  a  seco n d a ry  
o rd e r in g  r e a c t io n  superim posed  upon th e  i n i t i a l  B2 ty p e  o i  o rd e r )  can  - 
p roduce  an  in c re a s e  i n  th e  m a r t e n s i t i c  tr a n s fo rm a tio n  te m p e ra tu re s .
6 .3  The k i n e t i c s  o f  th e  b e ta  p hase  and  m a r te n s i te  a g e in g  r e a c t io n s
6.3*1 The k i n e t i c s  o f  ag e in g  in  th e  b e ta  p h ase
S in ce  b o th  Cu-Zn and Cu-Al b e ta  p h a se s  have a  m arked te n d e n c y  to  
r e t a i n  n o n -e q u il ib r iu m  v a c a n c ie s  a f t e r  quench ing , th e r e  i s  no r e a s o n  to  
e x p e c t Cu-Zn-Al b e ta  p h a se s  to  behave o th e rw is e .  D e s p ite  th e  f a c t  t h a t  i  
th e  in f lu e n c e  o f  q u en ch ed -in  v a c a n c ie s  on th e  p r o p e r t i e s  o f  many b e t a  
p h a se s  h a s  been  w id e ly  in v e s t ig a t e d ,  no in fo rm a tio n  i s  a v a i la b l e  c o n c e rn in g  
th e  in f lu e n c e  o f  such  d e f e c ts  on e i t h e r  th e  m a r t e n s i t i c  t r a n s f o r m a t io n  
te m p e ra tu re s  o r  th e  d e t a i l e d  t r a n s fo rm a tio n  m echanism .
I t  h a s  been  su g g e s te d  i n  a  p re v io u s  s e c t io n  t h a t  th e  p o s t  quench 
m a r t e n s i t i c  tr a n s fo rm a tio n  te m p e ra tu re  s h i f t s  r e p o r te d  i n  C h a p te r  3  f o r  
A llo y  r e s u l t  from some form  o f  lo n g  ran g e  o rd e r in g  r e a c t i o n ,  s u p p re s s e d  
d u r in g  th e  quench, w hich o c c u rs  a f t e r  ag e in g  a t  te m p e ra tu re s  i n  th e
ran g e  273K-350K (0°C -77°C ). The d i f f e r e n c e  in  low te m p e ra tu re  a g e in g  
k i n e t i c s  betw een a  specim en aged  im m ed ia te ly  a f t e r  quench ing  and  a 
specim en  aged  a t  th e  same te m p e ra tu re  a f t e r  an in te rm e d ia te  h e a t  tr e a tm e n t  
a t  423K ( 150°C) i s  i l l u s t r a t e d  in  F ig u re  48. T h is  d e m o n s tra te s  t h a t  
th e  ag e in g  k i n e t i c s  im m ed ia te ly  a f t e r  quench ing  a re  c o n s id e ra b ly  f a s t e r  
th a n  th o se  o b se rv ed  a f t e r  in te rm e d ia te  h e a t  t r e a tm e n t ,  d e s p i te  th e  f a c t  
t h a t  th e  m a r t e n s i t i c  t r a n s fo rm a t io n  te m p e ra tu re  s h i f t s  a r e  com parab le .
T h is  d i f f e r e n c e  in  a g e in g  k in e t ic s . ,  how ever, i s  n o t r e f l e c t e d  in  
th e  a c t i v a t io n  e n e rg ie s  f o r  th e  ag e in g  p r o c e s s e s ,  a s  p r e s e n te d  in  
S e c t io n s  5*2.1 and 5 *2 . 2 . S in ce  th e r e  i s  no m ajo r change in  th e  a c t i v a t i o n  
en erg y  f o r  th e  a g e in g  p ro c e s s e s  a f t e r  th e  two c o n t r a s t in g  h e a t  t r e a tm e n ts ,  
t h i s  d i f f e r e n c e  i n  a g e in g  k i n e t i c s  m ust be r e f l e c t e d  in  th e  p r e - e x p o n e n t ia l  
te rm  o f  th e  A rrh e n iu s  e q u a t io n  w hich d e s c r ib e s  th e  a g e in g  e f f e c t s .  I f  
we c o n s id e r  th e  a c t i v a t i o n  energ y  f o r  th e  low te m p e ra tu re  a g e in g  p ro c e s s  
to  be c o n s ta n t  and n o t dependen t upon p r i o r  h e a t  t r e a tm e n t ;  by com bining 
th e  A rrh e n iu s  p l o t s  i n  F ig u re s  22 and 28, and p r e s e n t in g  them i n  F ig u re
i
49 i t  i s  p o s s ib le  to  exam ine th e  n u m e ric a l v a lu e  o f  th e  r e l e v a n t  p r e ­
e x p o n e n tia l  te rm s . ,
I f  th e  e r r o r s  a s s o c ia te d  w ith  each  o f  th e  d a ta  p o in t s  p r e s e n te d  
i n  F ig u re  49 a re  c o n s id e re d , th e r e  Seeing to  be i n s u f f i c i e n t  e x p e r im e n ta l 
ev id en ce  f o r  th e  assu m p tio n  t h a t  th e  a c t i v a t i o n  en e rg y  i s  in d e p e n d e n t 
o f  p r i o r  h e a t  t r e a tm e n t .  N e v e r th e le s s ,  i n  th e  ab sen ce  o f  more d e t a i l e d  
in fo rm a tio n , i f  th e  a ssu m p tio n  i s  made t h a t  o n ly  due raaj'or d i f f u s io n  mechanism 
i s  o p e ra t in g ,  th e  p r e - e x p o n e n t ia l  te rm s found  from  F ig u re  49 g iv e  a  
q u a l i t a t i v e  in d i c a t i o n  o f  th e  number o f  s i t e s  a t  v/hich a to m ic  t r a n s p o r t  
can ta k e  p la c e .  Thus i f  th e  re a s o n a b le ' assu m p tio n  i s  made t h a t  th e  low 
te m p e ra tu re  th e rm a lly  a c t iv a t e d  p ro c e s s e s  (w hich from  S e c t io n s  6 .3  and
6 .4  ap p ea r r e l a t e d  to  lo n g  range  o rd e r in g  r e a c t io n s )  ta k e  p la c e  by means ■ 
o f  a  vacancy d i f f u s io n  m echanism , th e  v a lu e  o f  th e  p r e - e x p o n e n t ia l  te rm
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F ig u re  49. An A rrh e n iu s  p l o t  com bining th e  r e s u l t s  p r e s e n te d  i n  
F ig u re s  22 and 28.
i s  an  ap p ro x im ate  m easure o f  th e  vacancy  c o n c e n tr a t io n .  From such  
c o n s id e ra t io n s  th e  a s -q u en ch ed  vacancy  c o n c e n tr a t io n  a p p e a rs  to  be 
betw een  one and two o rd e r s  o f  m agnitude g r e a t e r  th a n  th e  c o n c e n tr a t io n  
a f t e r  in te rm e d ia te  h e a t  tr e a tm e n ts  i n  th e  te m p e ra tu re  ra n g e  373^ - ^ 73^  
(100°C -200°C ), f o r  th e  p a r t i c u l a r  case  o f  A llo y  4 .
6»5»2 The s t a b i l i s a t i o n  o f  m a r te n s i te
The r e s u l t s  p r e s e n te d  i n  S e c t io n  5*3 j w hich r e f e r  to  A llo y  5?
in d ic a te  t h a t  i f  t h i s  Cu-Zn-Al a l lo y  i s  h e ld  i n  th e  m a r t e n s i t i c  c o n d i t io n
im m ed ia te ly  a f t e r  quench ing , th e  r e v e r s i b i l i t y  o f  th e  th e r m o e la s t ic  . ;<■
m a r te n s i te  i s  c o n s id e ra b ly  im p a ire d  u n t i l  e v e n tu a l ly  th e  m a r te n s i te
becomes t o t a l l y  i r r e v e r s i b l e .  T h is  m a r te n s i te  s t a b i l i s a t i o n  does n o t
o c c u r , how ever, i f  specim ens a re  h e ld  i n  th e  b e ta  p h ase  c o n d i t io n  p r i o r
to  c o o lin g  th ro u g h  th e  m a r t e n s i t i c  t r a n s fo rm a tio n  ran g e  ( f o r  exam ple one
h our a t  J50K (7 7 °C )) . M oreover no such  s t a b i l i s a t i o n  i s  e v id e n t  a f t e r
in te rm e d ia te  h e a t  t r e a tm e n t i n  th e  ran g e  373K-^73& (100°C -200°C ); th u s
th e  m ajo r f a c t o r  w hich p ro d u ces  t h i s  m a r te n s i te  s t a b i l i s a t i o n  i s  l i k e l y
to  be th e  p re s e n c e  o f  th e  e x c e ss  h ig h  te m p e ra tu re  d e f e c t  p o p u la t io n
r e t a in e d  a f t e r  quench ing  from  th e  s o lu t io n  tr e a tm e n t  te m p e ra tu re .  T h is
m a r te n s i te  s t a b i l i s a t i o n  phenomenon i s  a ls o  a p p a re n t i n  F ig u re  20 , i n
w hich th e  m a r te n s i te  r e v e r s io n  ran g e  (A* -  A*) i s  shown to  in c r e a s e  a f t e ri  s
s h o r t  a g e in g  t im e s .
The m ic ro h a rd n ess  r e s u l t s  i l l u s t r a t e d  i n  F ig u re  38 d e m o n s tra te  
t h a t  t h i s  s t a b i l i s a t i o n  o f  th e rm o e la s t ic  m a r te n s i te  r e s u l t s  from  th e  
la c k  o f  m o b i l i ty  o f  th e  i n t e r - m a r t e n s i t e  p l a t e  b o u n d a r ie s ,  a n d  n o t  from  
any m ajo r s t r u c t u r a l  changes w i th in  th e  m a r te n s i te  i t s e l f .  I n  common 
w ith  th e  b e ta  p h ase  ag e in g  p r o c e s s e s ,  th e  a c t i v a t i o n  e n e rg y  f o r  th e  
m a r te n s i te  s t a b i l i s a t i o n  p ro c e s s  ( c a l c u la t e d  from  F ig u re  3 7 ) i s  c o n s i s t e n t  
w ith  th e  m ig ra tio n  o f  v a c a n c ie s .
S in ce  th e  r e v e r s io n  o f  th e rm o e la s t ic  m a r te n s i te  r e l i e s  upon th e  
m o b i l i ty  o f  th e  in te rp h a s e  b o u n d a rie s  y ..arid any th e rm a lly  a c t i v a t e d  p r o c e s s ,  
such  a s - th e  decay o f  an e x c e ss  vacancy p o p u la t io n ,  w i l l  r e s u l t  i n  th e  
r e l a x a t i o n  o f  t h i s  i n t e r f a c i a l  s t r u c t u r e ,  we can a t t r i b u t e  th e  p r e s e n t  
m a r te n s i te  s t a b i l i s a t i o n  p ro c e s s e s  to  th e  d e s t r u c t io n  o f  th e  p e r f e c t i o n  
o f  th e s e  i n t e r n a l  i n t e r f a c e s .
B efo re  t o t a l  s t a b i l i s a t i o n  i s  a t t a i n e d  a f t e r  a g e in g , th e r e  i s  a  
s ta g e ,  i l l u s t r a t e d  i n  F ig u re  3^? when th e  c h a r a c t e r i s t i c  r e v e r s io n  ' (
te m p e ra tu re s  a re  c o n s id e ra b ly  e le v a te d  and th e  r e v e r s io n  ta k e s  p la c e  in  
a  'je rk y *  and d is c o n tin u o u s  m anner. T h is  phenomenon may a l s o  be a t t r i b u t e d  
to  th e  p in n in g  o f  i n t e r f a c i a l  d i s lo c a t io n s  by m obile  v a c a n c ie s ,  u n t i l  
on f u r t h e r  h e a t in g  s u f f i c i e n t  d r iv in g  fo rc e  i s  a v a i la b le  to  overcom e th e  
p in n in g ,  a t  w hich p o in t  a  sm a ll 'b u r s t*  o f  m a r te n s i te  r e v e r s io n  i s  
. o b se rv e d .
6 .6  C o r r e la t io n s  betw een th e  p r e s e n t  h y p o th e se s  and •previous a n o m a lie s  
The manner i n  w hich th e  p r e s e n t  o rd e r in g  h y p o th e se s  can  be  u s e d  
to  e x p la in  some o f  th e  m a r t e n s i t i c  t r a n s fo rm a tio n  an o m a lie s  w hich have  
been  r e p o r te d  in  th e  l i t e r a t u r e  su rv ey  (C h ap te r  3 ) w i l l  now be c o n s id e re d .  
The p r e s e n t  r e s u l t s  and  h y p o th e se s  can o n ly  be d i r e c t l y  r e l a t e d  to  
p re v io u s  work in  Cu-Zn b in a ry  and te r n a r y  sy s tem s , a l th o u g h  th e  p o s s i b i l i t y  
sh o u ld  be c o n s id e re d  t h a t  s im i la r  low te m p e ra tu re  o rd e r in g  r e a c t i o n s  may 
c o n t r ib u te  to  th e  tim e dependent p r o p e r ty  changes found  i n  Au-Cd an d  
C u-A l-N i s y s t e m s ^ ^ ’ 1'7^ .
I f  th e  r e s u l t s  p r e s e n te d  i n  F ig u re s  52 and  53 a re  e x t r a p o la t e d  
from  th e  te r n a r y  Cu-Zn-Al system  to  th e  b in a ry  Cu-Zn sy stem , i t  i s  a p p a re n t  
t h a t  a c c o rd in g  to  th e  p r e s e n t  h y p o th e se s  copper r i c h  b e t a  p h a s e s  c lo s e  to
c o m p o sitio n  C u38(at)^Z n  e x h ib i t  a  sm a ll amount o f  th e  DO tr a n s f o r m a t io n
r ' 5
p ro d u c t  a t  te m p e ra tu re s  c lo se  to  room te m p e ra tu re .  Some e x p e r im e n ta l  w ork 
h a s  been  p erfo rm ed  w hich d em o n stra te s  t h a t  low te m p e ra tu re  b e t a  p h a se
(19)
o rd e r in g  i s  p o s s ib le  i n  th e  Cu-Zn b in a ry  system .
The sm a ll M s h i f t s  (a p p ro x im a te ly  2K) o b se rv e d  i n  Cu38 (a t)^ Z n  s
(129 ya l lo y s  by Hummel a f t e r  b o th  th e rm a l c y c lin g  and a n n e a lin g  a t  423K 
( 150° C ) ^ ? ^  and th e  l a r g e r  s h i f t s  o b se rv ed  a f t e r  n e u tro n  i r r a d i a t i o n ^ ' ^
x
may p e rh a p s  be a t t r i b u t e d  to  s m a l l !changes in  th e  d eg ree  o r  ty p e  o f
(19)ch em ica l o rd e r  p r e s e n t .  C la rk  and Brown have r e p o r te d  low  te m p e ra tu re  
o rd e r in g  e f f e c t s ,  i n  a  Cu49(at)?£Zn a l l o y .  D e sp ite  th e  f a c t  t h a t  a c c o rd in g  
to  th e  p r e s e n t  h y p o th e s is  th e  B2-D0^ o rd e r in g  t r a n s fo rm a t io n  i s  n o t  
e x p e c te d  c lo se  to  th e  e q u ia to m ic  co m p o sitio n , th e s e  r e s u l t s  do d e m o n s tra te  
t h a t  changes i n  th e  degree  o f  o rd e r  can have a  c o n s id e ra b le  in f lu e n c e  
on th e  m ech an ica l and p h y s ic a l  p r o p e r t i e s  o f  th e  b e t a  p h a s e .
I n  b e ta  b r a s s  b a se d  te rn a r y  sy s tem s , c o n s id e ra b ly  more e v id e n c e  
i s  a v a i la b l e  to  r e l a t e  changes i n  th e  m a r t e n s i t i c  t r a n s f o r m a t io n  b e h a v io u r
(6 4  6 5 )to  V a r ia t io n s  in  th e  b e ta  p hase  o rd e re d  s t r u c t u r e  and  D elaey  e t  a l  5 
have r e p o r te d  s im i la r  m a r t e n s i t i c  tr a n s fo rm a tio n  te m p e ra tu re  s h i f t s  to  
th o se  p r e s e n te d  i n  C h ap te r 5» I n  D elaey*s work a  Cu-Zn-A l a l l o y  c o n ta in in g  
14 ( a t a l u m i n i u m  and e x h ib i t in g  an  M te m p e ra tu re  243K (i3 0 °C ) was s tu d i e dS .
It was found that a flash heat treatment at 573k (300°C) produced Ms
d e p re s s io n s  o f  ab o u t 40K and f u r th e rm o re 'a  o n e .h o u r a n n e a l in g  t r e a tm e n t '
wat: -373K (100PC) : resulted; in M depressions of the order of 1K. In the
present work a 373k (100°C) intermediate heat treatment was found to
produce  an  M d e p re s s io n  o f  .5K i n  A llo y  4 w hich  c o n ta in s  a b o u t 9 ( a t )% s
a lum inium . The s m a l le r  e f f e c t  o b se rv ed  i n  th e  h ig h e r  alum in ium  c o n te n t  
a l lo y  i s  c o n s i s ta n t  w ith  th e  p r e s e n t  h y p o th e s is  i n  w hich  th e  Ms  s h i f t s  
a r e  r e l a t e d  to  a  B2~D0^ o rd e r in g  r e a c t io n ,  th e  c r i t i c a l  te m p e ra tu re s  f o r  
w hich in c re a s e  w ith  in c r e a s in g  alum inium  c o n te n t .
I f  we r e tu r n  to  F ig u re  11 we o b se rv e  t h a t  a  d i s c o n t in u i t y  e x i s t s
i n  th e  e x p e r im e n ta lly  d e te rm in ed  M = 273^ (0°C) l i n e  a c r o s s  th e  t e r n a r ys
Cu-Zn-Al c o n s t i t u t i o n  d iagram . The p r e s e n t  p ro p o s a l  i s  t h a t  a l l o y s
p o s s e s s in g  th e  DO s t r u c t u r e  have a p p re c ia b ly  h ig h e r  M te m p e ra tu r e s  th a n  
j  s
th o s e  h av in g  th e  B2 s t r u c t u r e .  I n  t h i s  manner :  ^ th e  d i s c o n t i n u i t y
i n  th e  M_, = 273^ (0 C) l i n e  in  F ig u re  11 may be e x p la in e d  a s  th e  r e g io n  s
o f  th e  p h ase  d iagram  a t  w hich th e  B2-D0^ t r a n s i t i o n  ta k e s  p la c e  above 
room te m p e ra tu re .
6 .7  Summary o f  low te m p e ra tu re  ag e in g  p ro c e s s e s
I t  i s  e s s e n t i a l  to  th e  f u tu r e  developm ent o f  t e r n a r y  b r a s s  shape  
memory a l lo y s  t h a t  any low te m p e ra tu re  ag e in g  e f f e c t s  w hich may i n t e r f e r e  
w ith  th e  m a r t e n s i t i c  tr a n s fo rm a tio n  b e h a v io u r  a re  f u l l y  a p p r e c ia te d .  I n  
t h i s  c h a p te r  we have a t te m p te d  to  c o r r e l a t e  h e a t  t r e a tm e n t  in d u c e d  
m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re  s h i f t s  to  a  p ro p o se d  B2-D0^ b e ta  
p h ase  o rd e r in g  r e a c t io n .  W h ils t th e .p o o r  m a r te n s i te  r e v e r s i b i l i t y  fo u n d  
a f t e r  is o th e rm a l h o l d s . ( a f t e r  quench ing) i n  th e  m a r t e n s i t i c  c o n d i t io n ,  
w hich h as  been  o b se rv ed  in  b o th  th e  p r e s e n t  work (S e c tio n  5 - 3 - T) an d  by  
p re v io u s  w o rkers  in  C u - Z n - A l ^ C u - Z n - S i ^ ^ 5 and  C u - Z n ^ * ^  h a s  
been a t t r i b u t e d  to  th e  p re se n c e  o f  e x c e ss  n o n -e q u il ib r iu m  q u e n c h e d -in  
d e f e c ts  such  a s  v a c a n c ie s .
From . th e  th e rm a l a n a ly s i s  r e v e r s io n  cu rv es  i l l u s t r a t e d  i n  F ig u re  4-6 
we o b se rv e  t h a t  an a l lo y  ( i n  t h i s  case  A llo y  3 ) h e ld  betw een  Ms  and  
im m ed ia te ly  a f t e r  quench ing  e x h i b i t s  b o th  m a r t e n s i t i c  t r a n s f o r m a t io n  
s h i f t s  and  m a r te n s i te  s t a b i l i s a t i o n .  T h is  r e s u l t s  i n  th e  s p l i t t i n g  o f
th e  m a r te n s i te  r e v e r s io n  ran g e  i n  a  s im i la r  manner to  t h a t  r e p o r t e d  by
( 133)
D elaey  and h i s  cow orkers in  a  s im i la r  a l lo y  and  t h i s  phenomenon i s
i l l u s t r a t e d  i n  F ig u re  15- The p o s t  quench is o th e rm a l  fo rm a tio n  o f  m a r te n s i te
w hich h a s  been  r e p o r te d  i n  C h ap te r 5 a ls o  c o n t r ib u te s  to  th e  s p l i t t i n g
and b ro ad en in g  o f  th e  m a r te n s i te  r e v e r s io n  ra n g e . T h is  i s  b e c a u se  th e
w hole (M -  M )- ran g e  moves to  h ig h e r  te m p e ra tu re s  a f t e r  low  te m p e ra tu re  s  x
a g e in g  and  th e r e f o r e  in c r e a s e s  th e  ranged o f  te m p e ra tu re s  a t  w hich  th e  
m a r te n s i te  a n d 'p a r e n t  p h a se s  a re  i n  e q u i l ib r iu m  w ith  one a n o th e r .
The sch em a tic  f r e e  en erg y  r e l a t i o n s h i p s  i l l u s t r a t e d  i n  F ig u re  54- 
f o r  th e  case  o f  A llo y  4- su g g e s t t h a t  th e  m a r te n s i te  i t s e l f  i s  e x p e c te d  to
e x h i b i t  low te m p e ra tu re  o rd e r in g  te n d e n c ie s .  Such an  o r d e r in g  r e a c t i o n  
r e a c t io n  may in  f a c t  c o n t r ib u te  to  th e  m a r te n s i te  s t a b i l i s a t i o n  p r o c e s s e s ,  
how ever th e  absence  o f  s i g n i f i c a n t  s t a b i l i s a t i o n  e f f e c t s  a f t e r  in te r m e d ia te  
h e a t  t r e a tm e n ts  in  th e  ran g e  373& -  4-73K (100°C -  200°C) i n d i c a t e s  t h a t  
th e  m ajor cause o f  th e s e  e f f e c t s  m ust be th e  p re se n c e  o f  n o n -e q u il ib r iu m  
s t r u c t u r a l  f e a tu r e s  such  a s  v a c a n c ie s ,  w hich a re  quenched i n  from  th e  
s o lu t io n  t r e a tm e n t te m p e ra tu re , and s u b se q u e n tly  a n n e a le d  o u t  a f t e r  low  
te m p e ra tu re  a g e in g .
(64- 6 5 )From b o th  th e  p r e s e n t  r e s u l t s  and  th o se  r e p o r te d  by D e laey  ’ i t  
i s  a p p a re n t t h a t  a l lo y s  i n  th e  Cu-Zn-Al te r n a r y  system  w hich  have  M. S ' '
te m p e ra tu re s  c lo se  to  room te m p e ra tu re  and w hich c o n ta in  l e s s  th a n  l4 - ( a t ) ^  
aluminium a l l  d em o n stra te  m a r t e n s i t i c  t r a n s fo rm a t io n  te m p e ra tu re  s h i f t s  
when h e ld  r o r  s h o r t  tim e s  in  th e  b e ta  p h ase  c o n d i t io n  a t  te m p e ra tu re s  
below  373K (1Q0°C). A ll  th e s e  r e s u l t s  a re  c o n s i s te n t  w ith  th e  p r e d i c t e d  
B2-D0^ o rd e r in g  te m p e ra tu re s ,  a s  i l l u s t r a t e d  i n  F ig u re s . 52 an d  53-
From c o n s id e ra t io n  o f  th e  p o in t s  r a i s e d  i n  t h i s  c h a p te r  i t  i s  
p o s s ib le  to  develop  b o th  new a l lo y  c o m p o sitio n s  and  h e a t  t r e a tm e n ts  to  
m inim ise th e  in f lu e n c e  o f  low te m p e ra tu re  th e rm a lly  a c t i v a t e d  p r o c e s s e s  
upon th e  th e rm o e la s t ic  m a r t e n s i t i c  t r a n s fo rm a tio n  b e h a v io u r . F o r  ex am p le , 
i f  we a c c e p t th e  c o r r e l a t i o n  between-M s h i f t s  and  th e  p re s e n c e  o f  a  
B2-D0^ o rd e r in g  r e a c t io n ,  a l lo y s  w ith  alum inium  c o n te n t s - g r e a te r  th a n  
l4 - (a t)^  alum inium  sh o u ld  be u se d  i n  a p p l i c a t io n s  where c o n s ta n t  c h a r a c t ­
e r i s t i c  m a r t e n s i t i c  tr a n s fo rm a tio n  te m p e ra tu re s  a re  r e q u i r e d .  F u r th e rm o re ,
to  p re v e n t  b o th  m a r te n s i te  s t a b i l i s a t i o n  and  M s h i f t s  a  s im p le  p o s t '
■ , s
quench h e a t  t r e a tm e n t can be u se d . T h is  h e a t  t r e a tm e n t  m ust e l im in a te  
b o th  th e  e x c e ss  quenched in  d e f e c ts  and  th e  n o n -e q u il ib r iu m  s t a t e  o f  
o rd e r  r e t a in e d  a f t e r  quench ing  from  th e  s o lu t io n  . tre a tm e n t te m p e ra tu r e .
The r e le v a n t  h e a t  t r e a tm e n t te m p e ra tu re  m ust l i e  betw een  th e  te m p e ra tu re  
and th e  c r i t i c a l  B2-D0^ o rd e r in g  te m p e ra tu re  ra n g e .  I n  th e  c a se  o f  th e
a l lo y s  p r e s e n t l y  u n d er c o n s id e ra t io n  a  p o s t  quench h e a t  t r e a tm e n t  a t  
323K (5 0 °C) f o r  one ho u r was found  to  be s u f f i c i e n t  to  e l im in a te  a l l  th e  
low te m p e ra tu re  a g e in g  e f f e c t s  d e s c r ib e d  i n  th e  p r e s e n t  w ork.
CHAPTER 7
CONCLUSIONS :
1. The c h a r a c t e r i s t i c  m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re s  i n  
Cu-Zn-Al a l lo y s  a re  in f lu e n c e d  by th e  deg ree  o f  o rd e r  and  th e
• • • 'd e t a i l e d  s t r u c t u r e '  o f  th e  b e t a ' ’p h a se . A ll  th e  c h a r a c t e r i s t i c  
m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re s ,  Ms > M.^ , Ag an d  A^ , a r e  
s h i f t e d  by th e  same amount a f t e r  h e a t  t r e a tm e n t in d u c e d  changes 
i n  th e  n a tu re  o f  th e  o rd e re d  b e ta  p h a s e . The m a r t e n s i t i c  t r a n s ­
fo rm a tio n  te m p e ra tu re s  f o r  Cu-Zn-Al a l lo y s  e x h ib i t i n g  th e  B2 
o rd e re d  s t r u c t u r e  a re  low er th a n  th o se  e x h ib i t in g  th e  DO ty p e
j
o f  s t r u c t u r e .  The d i s c o n t in u i ty  o b se rv e d  i n  th e  iso-M  l i n e s  
- s
a c ro s s  th e  t e r n a r y  Cu-Zn-Al b e ta  p h ase  c o rre sp o n d s  to  th e  r e g io n
I
’ . .■•where th e  c r i t i c a l  B2-D0^ c r i t i c a l  o rd e r in g  te m p e ra tu re s  a r e  
c lo se  to  room te m p e ra tu re .
2 . The a c t i v a t i o n  en e rg y  f o r  th e  b e ta  p h ase  a g e in g  e f f e c t s  i s  • ;<; ,•  ^ • 
c o n s i s te n t  w ith  th a t ,  r e p o r te d  f o r  b in a ry  b e ta  b r a s s  low  te m p e ra -  • 
tu r e  a g e in g  p r o c e s s e s .  T h is  i n d i c a t e s  t h a t  v a c a n c ie s  p la y  a  m a jo r 
r o l e  in  d e te rm in in g  th e  k i n e t i c s  o f  th e  o rd e r in g  r e a c t i o n  w hich  
p ro d u ces  s h i f t s  i n  th e  m a r te n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re s .
The d i f f e r e n c e  i n  th e  ag e in g  k i n e t i c s  betw een  a s  quenched  a l l o y s  
and a l lo y s  h e a t  t r e a t e d  in  th e  te m p e ra tu re  ran g e  373& -  ^73& (100°C 
200°^) may be e x p la in e d  by quenched i n  d e f e c ts  su ch  a s  th e rm a l
v a c a n c ie s  w hich a re  p r e s e n t  im m ed ia te ly  a f t e r  q u en ch in g , and  
a n n e a le d  o u t d u rin g  su b se q u en t h e a t  t r e a tm e n t  and  a g e in g .
M a rte n s ite  can form is o th e rm a lly  i f  Cu-Zn-Al b e ta  p h ase  a l lo y s  
a r e  h e ld  j u s t  above th e  te m p e ra tu re  c h a r a c t e r i s t i c  o f  th e  B2 
ph ase  and th e n  aged  f o r  th e  tim e n e c e s s a ry  f o r  th e  B2-D0 se c o n d a ry  
o rd e r in g  r e a c t i o n . t o  o p cu r.
The m a r te n s i te  s t a b i l i s a t i o n  w hich i s  o b se rv e d  a f t e r  h o ld in g  i n  th e  
m a r t e n s i t i c  c o n d i t io n  im m ed ia te ly  a f t e r  quenching  from  th e  s o lu t i o n  
tr e a tm e n t  te m p e ra tu re  i s  th e  consequence o f  q u e n c h in g -in  s t r u c t u r a l  
d e f e c ts  such  a s  th e rm a l v a c a n c ie s  w hich m ig ra te  to  th e  m a r te n s i te  
i n t e r f a c e s  and  d e s tro y  t h e i r  m o b i l i ty .
The b ro a d e n in g  and  s p l i t t i n g  o f  th e  m a r te n s i te  r e v e r s io n  ra n g e  
p r e v io u s ly  r e p o r te d  i n  Cu-Zn-Al a l lo y s  r e s u l t s  from a g e in g  i n  th e  
two p h ase  b e ta  p lu s  m a r te n s i te  c o n d i t io n .
F o r p r a c t i c a l  a p p l ic a t io n s  f o r  shape memory a l lo y s ,  i n  w hich  c o n s ta n t  
c h a r a c t e r i s t i c  m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re s  a r e  n e c e s s a ry ,  
a l lo y s  w ith  h ig h  alum inium  c o n te n ts  a re  s u p e r io r .  T h is  i s  b eca u se  
th e  B2-D0 seco n d ary  o rd e r in g  r e a c t io n ,  w hich p ro d u c e s  s h i f t s  i n  th e  
m a r t e n s i t i c  tr a n s fo rm a tio n s ,  o ccu rs  a t  h ig h e r  te n p e r a tu r e s  a s  th e  
alum inium  c o n te n t  in c r e a s e s .
B oth th e  m a r t e n s i t i c  t r a n s fo rm a tio n  te m p e ra tu re  s h i f t s  and  th e  p o s t  
quench m a r te n s i te  s t a b i l i s a t i o n  p ro c e s s e s  may be p r e v e n te d  i n  C u-Zn-A l 
a l lo y s  by a  s im p le  h e a t  t r e a tm e n t .  T h is  h e a t  t r e a tm e n t  m ust be 
^ c a r r i e d  o u t im m ed ia te ly  a f t e r  quench ing  and a t  a  te m p e ra tu re  b e tw een  
M and  th e  lo w e s t te m p e ra tu re  a t  w hich th e  DO -B2 o rd e r in g  t r a n s -
S  $
fo rm a tio n  o c c u rs .  I n  t h i s  manner th e  q u en ch ed -in  d e f e c ts  a r e  a n n e a le d  
o u t and  th e  b e ta  p h ase  i s  a llo w e d  to  a t t a i n  i t s  e q u i l ib r iu m  o rd e re d  
c o n d i t io n .
CHAPTER 8
SUGGESTIONS FOR FURTHER WORK
T here i s  a  w e a lth  o f  work s t i l l  to  be p e rfo rm ed  c o n c e rn in g  
th e  o p t im is a t io n  o f  a l lo y  co m p o sitio n s  and m ech an ica l p r o p e r t i e s  i n  
o rd e r  to  change copper b a se d  shape memory a l lo y s  from  la b o r a to r y  \ 
c u r i o s i t i e s  in to  u s e f u l  e n g in e e r in g  m a te r i a l s .  T here a r e  two m a jo r 
p rob lem s w hich a r e ,y e t  to  be so lv e d  b e fo re  copper b a se d  shape  memory 
a l l o y s  become w id e ly  a v a i l a b l e .  F i r s t l y ,  a f t e r ,  r e p e a te d  m echanical.,:
c y c l in g  c ra c k in g  te n d s  to  o ccu r a lo n g  th e  b e ta  p h ase  g r a in  b o u n d a r ie s  
and  i t  h as  y e t  to  be d e te rm in ed  w hether t h i s  i s  an in h e re n t  f e a t u r e  
o f  t h i s  ty p e  o f  a l l o y  o r  i f  v a r ia b le s  such  a s  co m p o sitio n , h e a t  
t r e a tm e n t ,  g r a in  s i z e  and s t r a i n  r a t e  may be o p tim ise d  so  a s  to  
Np re v e n t t h i s  ty p e  o f  f a t ig u e  f a i l u r e .  S econd ly  s in c e  a l l  co p p er 
b a se d  b e ta  -phases,-which e x h ib i t  m a r t e n s i t i c  t r a n s fo rm a tio n s  a r e  m e ta -  
s t a b l e  and r e q u i r e  a  quenching  tre a tm e n t from  th e  h ig h  te m p e ra tu re  
d is o rd e re d  b e ta  p h ase  f i e l d ,  th e r e  i s  a lw ays a  te n d en cy  f o r  t h i s  
ty p e  o f  a l lo y  to  decompose a t  s l i g h t l y  e le v a te d  te m p e ra tu re s  i n t o  
th e  com peting a lp h a  and gamma e q u i l ib r iu m  p h a s e s .  T h is  e f f e c t  can  
u n d o u b te d ly  be m in im ised  by th e  a d d i t io n  o f  s u i t a b l e  a l lo y in g  e le m e n t, 
however th e  r e l a t i v e l y  r a p id  d i f f u s io n  k i n e t i c s  common to  a l l  
copper b a se d  a l lo y s  means t h a t  o n ly  sm a ll im provem ents i n  b e t a  p h a se  
' s t a b i l i t y  a r e  e x p e c te d  from o p tim is in g  th e  a l l o y  c o m p o s itio n .
The p r e s e n t  work h as  i d e n t i f i e d  a  spec tru m  o f  p o s t  quench 
th e rm a lly  a c t i v a t e d  a g e in g  p ro c e s s e s  w hich i n t e r f e r e  w ith  th e  sh a p e  
memory b e h a v io u r i n  Cu-Zn-Al a l l o y s .  Some p r o v is io n a l  c o r r e l a t i o n s  
have been  p ro p o se d  betw een seco n d ary  o rd e r in g  r e a c t io n s  an d  s h i f t s  
in  th e  m a r t e n s i t i c  tr a n s fo rm a tio n  te m p e ra tu re s ,  how ever s t r u c t u r a l  
ev id en ce  such  a s  th e  d e te c t io n  o f  th e  r e le v a n t  s u p e r l a t t i c e  l i n e s
by means o f  X -ray  d i f f r a c t i o n  i s  n e c e s s a ry  b e fo re  th e s e  c o r r e l a t i o n s  can. 
k e . ' f u l l y  a c c e p te d . A nother a r e a  in  w hich a  s t r u c t u r a l  i n v e s t i g a t i o n  
i s  n e c e s s a ry  i s  i n  e s t a b l i s h in g  a  p o s s ib le  c o r r e l a t i o n  betw een  th e  
v a r io u s  o rd e re d  s t r u c t u r e s  found  i n  th e  p a r e n t  b e ta  p h a se  and  th e  
shape memory b eh a v io u r o f  t h e i r  r e s p e c t iv e  m a r te n s i te s .  I f  su ch  
a  c o r r e l a t i o n  was e s t a b l i s h e d ,a l l o y  co m p o sitio n s  c o u ld  be d e s ig n e d  
to  encourage th e  fo rm a tio n  o f  th e  o rd e re d  s t r u c t u r e  w hich  y i e ld s  
th e  optimum shape memory b e h a v io u r .
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